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Preface to the First Edition 


The face of urological cancers is changing. We are di- 
agnosing disease earlier with the window of opportu- 
nity for cure that is much greater as a result. However, 
with such a change comes a shift in the pattern of ma- 
lignancies with low-volume, low-risk disease increas- 
ingly found and treated. The need for refined inter- 
ventions that carry accurate targeting through novel 
imaging, minimal side effects, and equal effectiveness 
to extirpative surgery is now more paramount than 
ever. 

We have invited many eminent groups to write the 
chapters. These physicians not only practice the field 
they write about but are also endeavoring to forward 
the technologies and concepts within research pro- 
grams that have patients with cancer at their heart. 
We are, indeed, very grateful to these experts. 


This book provides a comprehensive review of the 
state-of-the-art in minimally invasive interventions. It 
is written for training and practicing oncologists, urol- 
ogists, and radiologists as well as the general physician 
with a keen interest in cancer care. It is written to 
allow the nonexperts among this wider fraternity to 
understand what is available and whether a particular 
intervention is suitable for their patient in the clinic. 


Hashim Ahmed 
Manit Arya 
Peter Scardino 
Mark Emberton 
2011 
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(e) (f) 
Plate 1.3 Multiparametric MRI in a man with two previous (circles with lines and the circle with dots; numbers repre- 
negative prostate transrectal biopsies on a background of senting maximum cancer core length involvement). (f) The 
a rising PSA (3.6 ng/mL to 5.8 ng/mL) and a positive fam- patient subsequently had surgery in which the tumor was 
ily history. (a-d) All MRI sequences (T2W, ADC map and again shown to be in the anterior transition zone. (Images 
high b-value diffusion weighted, dynamic contrast enhance- provided courtesy of Hashim U Ahmed, University College 
ment) on a 1.5 T scanner demonstrate an anterior tumor. London, UK.) 


(e) This was confirmed on transperineal template biopsies 
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Plate 2.3 Pure uniform loading (a) and pure peripheral loading (b). 
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Plate 2.4 Modified uniform loading (a) and Seattle model (b). 
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Plate 3.3 Ablatherm HIFU system. Treatment module (left). Control module (right). (Reproduced with permission from 
Focus Surgery, Inc.) 


Plate 3.4 Sonablate 500 HIFU system. Console (left). Cooling device (right). HIFU probe with articulated arm (Top right). 
(Reproduced with permission from Focus Surgery, Inc.) 


Plate 4.1 Doppler Ultrasound demonstrating the edge of iceball and proximity of neurovascular bundles (arrow) after focal 
cryotherapy. 
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Plate 4.2 (a) MTS™ Multipoint thermal sensors (Galil Medical Inc, Arden Hill, MN); (b) isothermal monitoring of freezing 
process using MTS; (c) Urethral warming catheter. 
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Plate 6.1 Schematic diagram of the reactions that occur with photodynamic therapy. 
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Plate 8.6 Multiparametric MRI in a man who has bio- dynamic contrast-enhanced scans (d). This was confirmed 
chemical recurrence after primary external beam radiation histologically on template mapping biopsies (e) (green and 
therapy a number of years prior. Apical disease on the right yellow zones). (Courtesy of Hashim U Ahmed, University 


side is not visible on axial T2W images, (a) but obvious College London.) 
on coronal T2W images (b) as well as on diffusion (c) and 


Plate 8.7 Axial images taken on a 1.5 Tesla MRI using a 
pelvic phased-array coil in a man with intermediate-risk 
prostate cancer on TRUS-guided biopsies. (a) T2-weighted 
image shows a low-signal area in the left lobe, although 
not clear. (b) Dynamic contrast-enhanced image shows 
enhancement in the left lobe consistent with cancer. (c) 
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(d) 


Diffusion-weighted image confirms the same area has poor 
signal on ADC map (arrows). (d) The man underwent tem- 
plate transperineal mapping biopsies using a 5-mm sam- 
pling frame, which confirmed the area on the MRI in the left 
lobe (red areas). A total of 24 cores were taken. (Courtesy 
of Hashim U Ahmed, University College London.) 


Plate 8.8 Axial images taken on a 1.5 Tesla MRI using a 
pelvic phased-array coil in a man with a PSA of 6.5 ng/mL. 
(a) T2-weighted image shows a low-signal area in the right- 
peripheral zone although this is far from clear. (b) Dynamic 
contrast-enhanced image shows enhancement in the right- 
peripheral zone lesion consistent with cancer. (c) Diffusion- 
weighted image confirms the same area has poor signal on 
ADC map. (d) The man underwent template transperineal 


mapping biopsies using a 5-mm sampling frame rather than 
transrectal biopsies (arrows). The template biopsies con- 
firmed the area on the MRI in the right-peripheral zone 
(red) with 2 cores positive for Gleason score 4 + 3 3 mm 
and 5-mm cancer core length. A smaller, presumed insignif- 
icant area was also shown on the left (blue) with 1 mm of 
Gleason 6 cancer. A total of 66 cores were taken. (Courtesy 
of Hashim U Ahmed, University College London.) 


Plate 9.7 MDCT of a renal tumor. Surgery plan is facilitated by this technology. 


Plate 9.13 Comparison of !8F-FDG (a, b, c) with !! C- Metastatic uptake was observed in the seminal vesicle as 
choline PET (d, e, f) in a patient with PCa and biochemical well as in both external iliac and right ilio-obturator lymph 
failure (PSA = 2.1 ng/mL) after external beam radiother- nodes on !!C-choline PET. 

apy. No pathological uptake was seen on !8F-FDG PET. 


(a) 


Plate 9.15 Coronal (a, b, c) and axial images (d, e, f) of due to the suspicion of recurrence. A hypermetabolic de- 
8F-FDG PET (a, d), CT (b, e), and fusion images (c, f) of a posit compatible with local recurrence is visualized (arrow) 
patient with a history of right radical nephrectomy due to at the site of the previous operation. 


RCC (one year postoperatively). PET-CT was performed 


Rationale for minimally invasive 
interventional techniques in 
urological cancer 


Cole Davis, Matthew R. Cooperberg, Katsuto Shinohara, and 


Peter R. Carroll 


Department of Urology, Helen Diller Family Comprehensive Cancer Center, University of 


California, San Francisco, CA, USA 


Introduction 


The goals of cancer therapy are either to cure or con- 
trol disease while minimizing side effects to the pa- 
tient. One must balance the number of life years gained 
(quantity) with the risk of morbidity and mortality of 
a given treatment technique (quality). The ultimate 
goal is to match treatment type with the biological ag- 
gressiveness of the disease in an individual patient. A 
difficult initial hurdle is predicting disease aggressive- 
ness. Radiographic staging has been the cornerstone in 
renal cancer prediction, while nomograms incorporat- 
ing multiple pathologic, laboratory, and clinical mea- 
sures have become the basis for prostate cancer pre- 
diction. The predictions made from this information 
have, to a substantial extent, guided modern treat- 
ment. In modern urologic oncology practice, a con- 
tinuing movement toward maximizing survival while 
minimizing morbidity has been seen. 

This movement is seen clearly when examining 
the increasing use of laparoscopic and, more re- 
cently, robot-assisted laparoscopic techniques in the 
treatment of renal and prostate cancers as well as 
conformal and intensity-modulated radiation therapy 
(IMRT), cryotherapy, high-intensity focused ultra- 
sound (HIFU), and brachytherapy in the treatment of 
prostate cancer. More recent interest in focal, percuta- 
neous techniques (i.e., radiofrequency or cryotherapy) 
reflects this evolution in management. 


Minimally invasive interventional techniques are 
attractive since the risks of local progression and 
thus metastasis are, in theory, decreased compared 
to surveillance, while the morbidity associated with 
radical (partial or complete) resection are also de- 
creased. Other advantages regarding localized renal 
tumor management include technical ease compared 
to minimally invasive partial nephrectomy, no renal 
ischemia requirement, relative ease in locating endo- 
phytic lesions, the unique opportunity for retreatment 
with no significant increased morbidity of a second 
procedure and, finally, decreased convalescence. 

The morbidity associated with radical prostatec- 
tomy and radiotherapy is well described and is primar- 
ily a result of treatment effects on adjacent structures 
[1]. Therefore, minimally invasive interventional tech- 
niques stand to have the greatest impact with respect 
to cavernosal nerve preservation, and limitation of ex- 
traprostatic radiation leading to advantages in erectile 
function preservation, improved continence, as well 
as hospital stay and return to normal daily activities 
and work. These techniques hold similar advantages 
to those for renal cell carcinoma with the added ben- 
efits of relatively easy access to the gland and discrete 
ablation that could facilitate less than whole-gland 
treatment. 

Renal and prostate tumors are biologically unique 
and demand individual consideration for possible 
surveillance, local tumor treatment, or radical tumor 
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CHAPTER 1 


treatment. Select patients that would fall into each of 
these populations are now being considered for lo- 
cal tumor treatment with minimally invasive inter- 
ventional techniques. The rationale for use of these 
modern techniques must be based on the following 
principles: 

1)The technique offers similar disease control com- 
pared to the current standard. 

2)The technique decreases morbidity compared to the 
current standard. 

3)The technique offers improved outcomes compared 
to patients managed conservatively. 

4)The technique is more cost-effective and, therefore, 
benefits healthcare services by reducing the overall 
healthcare financial burden. 


Renal cancer 
Disease control 


With 54,390 newly diagnosed cases annually and 
13,010 deaths in 2008, renal cell carcinoma is the 
most lethal of all genitourinary malignancies [2]. The 
majority (48%—66%) of new cases are diagnosed in- 
cidentally on imaging. Surgical resection remains the 
standard of care for clinically localized renal cell car- 
cinoma with patients having pathologically small, lo- 
calized tumors (pT1a) enjoying 5-year cancer-specific 
survival rates of > 95% [3]. The importance of treat- 
ment for renal cell carcinoma localized to the kidney 
is heightened by the lack of adequate systemic ther- 
apy, once the disease has metastasized. This knowl- 
edge has historically led urologic surgical oncologists 
to follow Halsteadian principles of wide, enbloc exci- 
sion. More recently the field has moved toward organ- 


(a) (b) 


sparing techniques. Partial nephrectomy has now be- 
come the procedure of choice at many institutions for 
small tumors due to its capacity for renal preserva- 
tion and similar cancer-specific survival compared to 
radical nephrectomy for small, localized tumors [4] 
(Figure 1.1). 

Radiofrequency ablation (RFA) and cryoablation 
remain the primary modes of ablative therapy for 
the management of renal masses, although investiga- 
tion is underway using HIFU, laser interstitial thermal 
therapy, and microwave ablation. Cryoablation ap- 
pears to be preferred by most urologists over RFA 
for renal tumors [5] due to its lower retreatment rate 
(0.9% vs.8.8%) [6], real-time monitoring, and excel- 
lent short-term oncologic outcomes with regard to 
local recurrence (4.6% vs.11.7%) or metastatic pro- 
gression (1.2% vs.2.3%) [7]. Many series show en- 
couraging, short-term results with ablation carrying a 
slightly higher risk of recurrence and persistence, but 
no change in the risk of metastasis as compared to 
partial nephrectomy. 

A major problem with interpretation of data from 
these series is incomplete tissue staging making it dif- 
ficult to compare outcomes to surgical extirpation. 
In most series, a successful ablation is defined as the 
absence of contrast enhancement [8]. A recent study 
shows a radiographic success rate of 85% for RFA 
and 90% for cryoablation at 6 months follow-up. Of 
the patients who underwent renal biopsy at 6 months, 
pathologic success (no cancer present) was found in 
65% of those managed with RFA and 94% in those 
treated with cryoablation. This led the authors to con- 
clude that radiographic outcomes were accurate and 
postoperative renal biopsy unnecessary in those man- 
aged with cryoablation [9]. 


Fig 1.1 Diagrammatic depiction of 
the changing paradigm in treatment of 
renal tumors from whole-kidney 
radical nephrectomy (a) to partial 
ablative therapy to one (b) or multiple 
renal tumors (c). In the latter case, 
multiple ablative procedures would be 
most suitable for a patient with Von 
Hippel-Lindau syndrome. (Images 
provided by Hashim U Ahmed, 
University College London, UK.) 


RATIONALE FOR MINIMALLY INVASIVE INTERVENTIONAL TECHNIQUES IN UROLOGICAL CANCER 


Morbidity 


The driving force behind the current trend toward 
more minimally invasive methods in treating localized 
renal cell carcinoma is an attempt to minimize the 
morbidity associated with open, radical, and partial 
nephrectomy. Laparoscopic and robot-assisted par- 
tial nephrectomy, although oncologically acceptable 
methods, remain technically difficult for many and 
can be associated with significant morbidity. The over- 
all complication rate for laparoscopic partial nephrec- 
tomy was 19.7% in a large series from experts in the 
field at the Cleveland Clinic [10]. In select patients, 
ablative therapies have shown significant advantages 
with regard to complications. The overall complica- 
tion rate of partial nephrectomy (majority open) in 
comparison to ablative techniques for tumors of sim- 
ilar size was found to be 16.3% vs. 2.2% for ablative 
procedures [11]. 

Complications have been primarily minor and few 
[12] in addition to minimal effects on renal function 
for both RFA and cryoablation [13]. Renal ablative 
therapies do carry further risk of complications due 
to the need for renal biopsy before and occasion- 
ally after the procedure. Image-guided renal biopsy 
complications include hematoma (1.3%), transfusion 
(1.7%), and pseudoaneurysm formation (0.7%) [14]. 
In addition, one must consider the risks, albeit small 
and difficult to quantify, associated with radiation ex- 
posure during the numerous follow-up studies that are 
required for proper monitoring postablation. 


Comparison with conservative management 


Active surveillance for small renal masses, including 
those that are malignant, has been assessed. Inciden- 
tal radiographic detection of renal masses has resulted 
in stage migration downward and an increase in sur- 
gical intervention [15]. But is this significantly chang- 
ing the natural history of small renal masses? Chawla 
et al have reported a median overall growth rate of 
0.28 cm/year for masses < 4 cm, and only a 1% 
rate of progression to metastatic disease at a median 
follow-up of 3 years [16]. Volpe and colleagues noted 
that approximately one-third of small masses progress 
on surveillance [17]. Most surveillance studies, how- 
ever, are performed using retrospective data from el- 
derly populations. Significant selection bias would be 
present in studies such as this comparing surveillance 
to surgical intervention. 


Costs 


Renal cancer treatment has been estimated to cost 
$40,176 per patient per year with a monthly cost 
of $3080 for patients diagnosed with localized dis- 
ease. Inpatient hospitalization accounted for 42.1% of 
this cost [18]. Minimally invasive interventional tech- 
niques stand to decrease cost substantially by decreas- 
ing the hospital stay to 24 hours of observation and 
decreasing the cost of treating perioperative complica- 
tions. In a detailed analysis, Panharipande et al con- 
cluded that RFA was more cost-effective than partial 
nephrectomy in the treatment of small renal masses, as 
long as the relative local recurrence rate remains only 
48% greater than that of partial nephrectomy and the 
cost of partial nephrectomy did not drop more than 
$7500 [19]. Critical assessment of this study reveals 
that some series have reported a difference in local re- 
currence of 11.7% for RFA compared to 2.6% for par- 
tial nephrectomy (relative difference of nearly 450%) 
[7]. In addition, cost-effective analysis must include 
the rigorous imaging follow-up schedule after abla- 
tion, which currently includes CT or MRI scans 3—4 
times during the first year based on retrospective data 
showing 70% of recurrent or residual disease iden- 
tified within 3 months of initial treatment and 80% 
within the first year [20]. 


Prostate cancer 
Disease control 


Approximately 94% of low-grade prostate cancer 
patients receive treatment in the modern era [21]. 
Widespread screening has led to an increasing preva- 
lence of localized disease associated with an improved 
biochemical free survival [22]. Stage migration with an 
increased incidence of low-risk disease may allow for 
new treatment paradigms for low-risk, low-volume 
prostate cancer. Standard treatment whether surgery 
or radiation may not be needed in some of these pa- 
tients. Many could potentially have been treated with 
a minimally invasive interventional technique or man- 
aged with active surveillance. 

The earliest minimally invasive interventional tech- 
nique introduced as prostate cancer treatment was 
radium brachytherapy, which first appeared in 1915 
[23]. Since that time, brachytherapy has undergone 
profound refinements in implantation accuracy and 
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dosimetry. Several potential advantages over radical 
prostatectomy and external beam radiotherapy have 
been noted. First, it is minimally invasive requiring 
no incisions and can be done under spinal anesthe- 
sia. Second, perioperative morbidity is limited and 
the procedure, when done using permanent seeds, is 
performed during a single outpatient visit. Third, re- 
covery is generally rapid with most men returning 
to normal activities within 48 hours. Fourth, real- 
time imaging during implantation allows for accu- 
rate radiation delivery even during gland movement, 
preventing unwanted exposure. Oncologic outcomes 
for brachytherapy alone are associated with 8-year 
disease-free survival rates of 82% for low-risk and 
70% for intermediate-risk disease [24]. Another study 
reported 12-year disease-free survival at 66% in a se- 
ries with 80% cT2 patients [25]. 

Another percutaneous technique is whole-gland 
cryotherapy. It shares many of the same advan- 
tages noted with brachytherapy since its application 
is essentially identical. A significant advantage over 
brachytherapy is the creation of a discrete ablative 
lesion allowing for improved observation of the treat- 
ment effect in real time. Early outcomes using this 
modality were worrisome with major complications 
reported, such as urethrocutaneous and rectourethral 
fistula prior to refinement of the technique. Further re- 
finements in monitoring, urethral warming, and probe 
technology have brought about resurgence of inter- 
est in this technique. A prospective randomized trial 
comparing cryoablation to external beam radiother- 
apy found near equivalent disease-free survival at 
8 years, and a significantly higher negative biopsy rate 


in the cryoablation arm [26]. The major disadvantage 
to whole-gland cryotherapy was the morbidity profile, 
most notably with respect to erectile dysfunction. 
Other whole-gland interventional techniques have 
included HIFU and vascular targeted photodynamic 
therapy. The study with the longest follow-up for pa- 
tients treated with HIFU reported an actuarial disease- 
free survival of 59% using the ASTRO-Phoenix def- 
inition of biochemical outcome at a mean follow-up 
of 6.4 years in patients with low- and intermediate- 
risk disease. Cancer-specific survival was reported at 
98% and overall survival 83% [27]. By comparison, 
another series reported a biochemical disease-free sur- 
vival of 78% at 5 years [28]. Photodynamic therapy 
(PDT) was first introduced in urology as treatment 
for superficial bladder cancer [29]. Although first de- 
scribed as a treatment for localized prostate cancer 
in 1990 [30]; there is renewed interest due to the in- 
troduction of novel photosensitizers. The therapeutic 
effect of these compounds is theoretically limited to 
the vascular bed and, therefore, should be thought 
of as vascular-targeted photodynamic therapy (VTP). 
Phase I/II studies are currently underway assessing the 
efficacy of this modality in patients who have failed 
radiation and in low-risk primary disease [31]. 
Currently, there is considerable interest in focal, 
rather than whole-gland therapy. Focal therapy in- 
volves the local application of therapy to a specific 
focus under real-time image guidance (Figure 1.2). 
Therapy can be applied ranging from a small fo- 
cus to subtotal ablation thereby decreasing morbidity 
[32,33]. Several factors have to be considered before 
focal therapy can be considered as an option for early 


Fig 1.2 Diagrammatic representation of the changing 
paradigm in treatment of prostate cancer from whole-gland 
radical therapy (a) (using surgery, radiation therapy, HIFU, 
cryotherapy) to focal therapy in which all lesions are tar- 
geted individually (b) (using HIFU, cryotherapy, photody- 
namic therapy, photothermal therapy) or the largest index 
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lesion targeted (c). The avoidance of the neurovascular 
bundles, external sphincter, bladder neck, and rectal mu- 
cosa from the treatment zone is likely to lead to less impact 
on genitourinary function. (Images provided courtesy of 
Hashim U Ahmed, University College London, UK.) 


RATIONALE FOR MINIMALLY INVASIVE INTERVENTIONAL TECHNIQUES IN UROLOGICAL CANCER 


stage prostate cancer. First, prostate cancer can be a 
multifocal disease. However, large studies have shown 
that between 10% and 44% of prostatectomy speci- 
mens harbor unilateral or unifocal tumor. There is 
growing evidence that the majority of progression is 
driven by the size (>0.5 cm?) and grade (Gleason >7) 
of the index tumor [34], and that 80% of multifo- 
cal tumors outside the index lesion have a volume of 
<0.5 cm, making their clinical significance question- 
able. Some have argued that tumors <0.5 cm? may 
not need immediate treatment [35], thus creating a 
large population of patients that could benefit from 
focal ablation of the index or unifocal tumor with 
subsequent surveillance of the smaller “insignificant” 
lesions if present. A recent study characterized 1000 
RP specimens from men with early stage prostate can- 
cer who had undergone surgery and found that 18% 
had unilateral disease. In those with unilateral dis- 
ease, the largest focus of cancer (index lesion) con- 
tained 80% of the total cancer present and of the 
cases with extracapsular extension, 90% of the tumors 
outside the capsule were associated with the index 
lesion [36]. 

If focal therapy is to be considered, accurate lo- 
calization of the index tumor is imperative. Both im- 
proved biopsy, as well as imaging techniques, may 
allow for clear localization. Small prostate masses 
(<1 cm) have in the past proven to be very difficult to 
accurately detect radiographically; forcing most clin- 
icians to rely on prostate biopsy to derive location 
and volume information. This trend is rapidly chang- 
ing as will be described in subsequent chapters (Figure 
1.3). Crawford has described the use of transperineal- 
guided prostate biopsy at 5-mm intervals (mean of 
80.7 cores/prostate) and has shown 95% sensitivity 
for detecting clinically significant (> 0.5 cm?) cancers 
[37]. 


Morbidity 


Overall, each of the whole-gland radical treatments 
can be associated with significant morbidity. Radio- 
therapy causes short-term moderate bowel and/or uri- 
nary toxicity in almost 50% with most having limited 
toxicity [38]. Five to twenty percent of patients with 
bowel toxicity have long-term persistence. Select sur- 
gical series report as high as 27% risk of chronic uri- 
nary symptoms while both radiotherapy and surgery 
have a near 50% reduction in sexual function, though 


the reports are widely variable [39]. In addition, newer 
techniques have shown very little change in the tox- 
icity profiles [40,41]. A recent analysis evaluating 
outcomes from minimally invasive (laparoscopic and 
robotic) and open prostatectomy showed that inconti- 
nence and erectile dysfunction may be slightly higher 
in the minimally invasive group [42]. These and simi- 
lar series should be the standard for which minimally 
invasive interventional techniques are compared. 


Comparison with conservative management 


Prostate cancer has significant mortality worldwide 
[43], yet has an incidence-to-mortality ratio of 8.6 
in the United States and 3.0 in the United Kingdom 
[44]. Such differences may reflect many factors, one of 
which is screening rates. This is supported by multiple 
autopsy series showing that 30%—40% of men suffer- 
ing nonprostate cancer related deaths harbor prostate 
cancer [45]. Additionally, incidental prostate cancer is 
found in 23%-45% of men undergoing cystoprosta- 
tectomy for the management of bladder cancer [46]. 
Most recommend early treatment of prostate cancer, 
although the trend may be changing in recent years as 
more compelling data becomes available for surveil- 
lance. 

Active surveillance with the potential for delayed 
therapy must incorporate several assumptions: (1) 
markers for disease progression are reliable, (2) pa- 
tients are compliant, (3) the cancer will not progress 
at a speed exceeding follow-up windows, and (4) pa- 
tients accept the potential anxiety associated with un- 
treated cancer. 

Surveillance, in lieu of immediate treatment, is likely 
to become a more popular option for many reasons. 
A meta-analysis including 828 patients on surveillance 
protocols found the risk of metastasis at 10 years after 
diagnosis in those with well-differentiated tumors to 
be 19% and cancer-specific mortality 13% [47]. Al- 
bertsen and colleagues assessed 767 patients managed 
conservatively and showed that those with Gleason 
6 or less tumors, had a cancer-specific mortality of 
approximately 30% at 15 years [48]. This is a histor- 
ical series based on biopsies using sextant cores, and 
so will have included many men with higher risk dis- 
ease that was under-sampled. Another often-quoted 
study by Johansson et al used to justify active treat- 
ment showed that cancer-specific survival dropped 
from 79% to 54% as patients managed conservatively 
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Fig 1.3 Multiparametric MRI in a man with two previous 
negative prostate transrectal biopsies on a background of 

a rising PSA (3.6 ng/mL to5.8 ng/mL) and a positive fam- 
ily history. (a-d) All MRI sequences (T2W, ADC map and 
high b-value diffusion weighted, dynamic contrast enhance- 
ment) on a 1.5 T scanner demonstrate an anterior tumor. 
(e) This was confirmed on transperineal template biopsies 


6 


(f) 


(circles with lines and the circle with dots; numbers repre- 
senting maximum cancer core length involvement). (f) The 
patient subsequently had surgery in which the tumor was 
again shown to be in the anterior transition zone. See also 
plate 1.3. (Images provided courtesy of Hashim U Ahmed, 
University College London, UK.) 
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were followed past 15 years [49]. Further evidence 
supporting active treatment is seen in a study describ- 
ing 192 men who died of prostate cancer, 46% had 
early-stage tumors (T1-T2a) at the time of diagnosis, 
and 33% were Gleason < 6 [50]. Finally, the Scandi- 
navian Prostate Cancer Group conducted a random- 
ized trial of patients with prostate cancer detected in 
the pre-PSA era treated by radical prostatectomy or 
watchful waiting, which revealed significant relative 
risk reductions in overall mortality, prostate cancer- 
specific mortality, metastasis, and local progression in 
the former group. Notably, only 12% had T1c and 
20% had an initial PSA > 20 [51]. 

A large population of patients are excluded from ac- 
tive surveillance protocols due to the following charac- 
teristics: PSA doubling time <3 years, PSA >10 ng/mL, 
tumor in >50% of any biopsy core, tumor present in 
>33% of all cores, and any pattern Gleason grade of 4 
or 5. These strict criteria were relaxed in the Toronto 
active surveillance cohort of 229 men followed with 
intervention criteria for biopsy upgrading to Gleason 
grade > 8 and /or PSA DT of < 2 years. In this study 
34% dropped out of surveillance due to: PSA DT 
< 2 years (15%), histologic progression (4%), clin- 
ical progression (3%), and patient preference (12%) 
[42]. Furthermore, the PSA doubling time parameter 
in the Toronto protocol was changed to 3 years rather 
than 2 years in order to intervene earlier and because 
of concerns that more adverse PSA kinetics predicted 
poorer outcomes. The UCSF active surveillance se- 
ries used more strict criteria and revealed a secondary 
treatment rate of 24% at 3-year median follow-up, 
though 37% met criteria for progression and 12% 
elected treatment without evidence of disease progres- 
sion [52]. It must be noted however that of the patients 
in the Toronto active surveillance protocol only 3/331 
(99% disease-specific survival) have died of their dis- 
ease at a median follow-up of 7 years [53], and none 
have died of their disease in the UCSF series at a me- 
dian follow-up of 3.6 years. Disease-specific survival 
remains 100% at 10-year follow-up in 42 patients. 

Another consideration for those on active surveil- 
lance is the relatively large voluntary crossover rate 
in most series as exemplified by the 12% rate in the 
Toronto series, and another study finding 45% of men 
on a surveillance protocol seeking therapy prior to ev- 
idence of progression [54]. When strict criteria are 
applied to candidates for surveillance, Epstein et al 
found that pathologically indolent disease was present 


at prostatectomy in 79% of patients [55]. Unfortu- 
nately, when these same criteria were examined ret- 
rospectively in the large, community and university 
based cohort of the CaPSURE database, only 16.4% 
(310/1886) of patients met the criteria. And of those 
patients, only 9% (28/310) chose a surveillance strat- 
egy [56]. Thus, between the years 1999 and 2004, 
only 1.5% of patients in this cohort were actually un- 
dergoing surveillance in what appeared to be a very 
appropriate profile for such therapy. 


Cost 


The cancer-attributable costs associated with the first 
6 months of treatment in 1999 demonstrated the costs 
of radical prostatectomy to be $8113, external beam 
radiotherapy $6116, and brachytherapy $7596 [57]. 
Another study from the same time period found mean 
hospital charges of $5660 for radical prostatectomy 
compared to $4150 for cryotherapy. Most of the 
cost savings for cryotherapy exists in hospitalization 
costs of $2348 for radical prostatectomy and $682 
for cryotherapy [58]. Most cost analyses do not take 
into account lost productivity from multiple treatment 
visits required for radiation therapy or postoperative 
visits and urethral catheter time associated with rad- 
ical surgery. Cryotherapy, brachytherapy, and other 
forms of minimally invasive interventional techniques 
may have the advantage of being performed in a single, 
outpatient setting and could reduce treatment costs 
substantially. 


Conclusions 


Due to widespread screening and imaging, many 
prostate and renal malignancies are smaller and more 
focal in nature. Given the stage and tumor volume 
migration that has occurred for these malignancies, 
functional as well as cancer-specific outcomes are be- 
ing assessed. Minimally invasive interventional ther- 
apies provide an avenue for cancer control that may 
well fit the biologic aggressiveness of such early dis- 
ease. Evidence is growing that novel techniques, when 
applied to appropriate patients, may offer similar dis- 
ease control as the current “gold standards” while the 
treatment morbidity is considerably less in properly 
selected patients. Further development of minimally 
invasive interventional techniques is the next logical 
step in this progression. Refinement and longer term 
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assessment of the techniques described (and new ones 
to be developed) are critical, if we are to better under- 
stand the role of such therapy in the management of 
patients with renal and prostate cancers. If minimally 
invasive interventional techniques prove efficacious in 
the long-term, they may very well be the preferred 
treatment modality for many patients. Given the rapid 
and impressive growth in our understanding of the bi- 
ological processes unique to individual cancers and 
patients, targeted therapy, wether applied locallly, re- 
gionally or systemically will play an increasingly im- 
portant role in the management of patients with a 
variety of cancers. 
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Brachytherapy for prostate cancer 


John Sylvester! and Peter Grimm? 


'Lakewood Ranch Oncology Center, Bradenton, FL, USA 
2Prostate Cancer Treatment Center, Seattle, WA, USA 


Brief history 


e In 1903 Alexander Graham Bell wrote, “... there 
is no reason why a tiny fragment of radium sealed 
in a fine glass tube should not be inserted into the 
very heart of the cancer, thus acting directly upon the 
disease material. Would it not be worthwhile making 
experiments along this line?” 

e In 1910 Hugh Hampton Young (pioneer of the rad- 
ical prostatectomy) used intraurethral-radium for the 
treatment of prostate cancer, with encouraging results. 
Although known for the perineal radical prostatec- 
tomy, he performed only 25 radical prostatectomies 
from 1906 to 1927. He performed approximately 
500 prostate brachytherapy procedures from 1915 to 
1927. 

e In 1930 Flocks first injected radioactive gold into 
the prostate for the treatment of cancer. 

e In the early 1970s Willet Whitmore and Basil 
Hilaris at Memorial Sloan-Kettering Cancer Center 
(MSKCC), New York, were the first physicians to per- 
form I-125 prostate seed implants. An abdominal in- 
cision was used to implant the seeds directly into the 
exposed gland. 

e In 1983 Hans Holm, University of Copenhagen, 
Denmark, was the first physician to perform the 
“closed” or “nonsurgical” implant method, which uti- 
lized transrectal ultrasound (TRUS). 

e In 1985 Haakon Ragde, John Blasko, and Peter 
Grimm, further modified Holm’s approach in Seattle, 
Washington. 


e In 1989 John Blasko, Peter Grimm, Haakon Ragde, 
and John Sylvester started regular training programs 
in the Seattle technique at Northwest Hospital in Seat- 
tle. 

* In the 1990s a dramatic increase in permanent seed 
implantation occurred in the United States. Significant 
advances occurred in dosimetry, patient selection, and 
implant technique including stranded and linked tech- 
nologies. 

* Seed implantation is linked with dosimetry and pa- 
tient selection. The past 23 years have led to a con- 
tinual refinement in patient selection, dosimetry, and 
technique. 


Introduction 


Brachytherapy has been used as definitive treatment of 
prostate cancer since the early 1900s. One of the ear- 
liest reported experiences was a series of 100 patients 
treated by Denning in 1922 [1]. Due to inaccurate 
dosimetry in that era, complication rates were signifi- 
cant and cancer control rates poor. Brachytherapy lost 
ground to surgery as surgical and anesthetic technique 
advanced. During the 1960s to 1990s megavoltage ex- 
ternal beam radiotherapy (EBRT) became more pop- 
ular, as it had relatively fewer side effects than surgery 
and similar survival rates. 

In the late 1960s Carlton and Scardino used perma- 
nent interstitial radioactive gold-198 combined with 
EBRT [2]. Memorial Sloan-Kettering Cancer Center 
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Fig 2.1 Old open retropubic approach (a) and modern ultrasound-guided transperineal approach (b). 


(MSKCC) pioneered the use of radioactive iodine-125 
(I-125) seeds [3]. Using an open laparotomy retropu- 
bic approach, the seeds were placed directly into the 
surgically exposed prostate (Figure 2.1a). To achieve 
a uniform distribution of dose a nomogram table was 
used to calculate the appropriate number of seeds, of 
a given seed activity, for various prostate volumes. 
Those patients in whom orthogonal x-rays revealed a 
high-quality seed distribution and dose (matched pe- 
ripheral dose of >140 Gy) achieved a local control 
rate of 60%. However, in those with a matched pe- 
ripheral dose of <120 Gy the local control was only 
20%. Hilaris and colleagues reported a 70% 15-year 
cause-specific survival in stage B1 patients treated with 
high-quality I-125 seed implantation [4-10]. These re- 
sults were at least as good as the best contemporary 
surgical and EBRT series in that era. However, lim- 
ited technology in the 1970s prevented this retropubic 
technique from consistently achieving high-quality im- 
plants. This inconsistency contributed to permanent 
seed brachytherapy falling out of favor. 

The 1980s saw the introduction of multiple tech- 
nologic advances that led to the rebirth of prostate 
brachytherapy [11]. Puthawala et al at Long Beach 
Memorial Hospital in Southern California, pioneered 
transperineal low-dose rate temporary interstitial 
brachytherapy (performed at time of open laparo- 
tomy) combined with EBRT [12]. Martinez et al 
used a transperineal applicator to guide the place- 
ment of the radioactive implant [13]. In 1983 Holm 


and colleagues were the first to perform I-125 seed 
implantation via a transperineal approach using tran- 
srectal ultrasound guidance for the placement of the 
sources [14]. This technique allowed for more accu- 
rate placement of radioactive seeds. In 1985 Blasko, 
Grimm, and Ragde pioneered preplanned transrectal 
ultrasound, template-guided transperineal permanent 
1-125 seed implant in the United States. Using im- 
proved technologic advancements, patient selection 
due to prostate-specific antigen (PSA) screening, and 
improved radiation treatment planning systems (Fig- 
ure 2.1b) the group demonstrated that consistently 
high-quality implantation was achievable with appro- 
priately staged patients and appropriate doses of ra- 
diation based on the MSKCC experience. 


Patient selection 


There are three key issues involved in the selection 
of patients for ultrasound-guided permanent prostate 
implant (PPI): oncologic issues, technical issues, and 
toxicity issues. The patient should be a good candidate 
in all three for PPI to be an ideal management option. 


Oncologic issues 


Oncologic issues deal with the extent of disease: lo- 
cal, regional, and distant. Patients with proven lymph 
node involvement (N1) or distant metastatic disease 
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(M1) are not going to benefit from the local con- 
trol of PPI because they will not have any legitimate 
chance for cure. For PPI, this would exclude biopsy- 
proven pelvic lymph node and distal seminal vesicle 
involvement from being candidates for brachytherapy 
as monotherapy. Extracapsular extension does not ex- 
clude a patient from brachytherapy, as the treatment 
includes a margin around the prostate. In palliative 
situations where local disease progression is causing 
symptoms, the role of brachytherapy for control of 
local symptoms of disease progression are limited and 
more easily treated (with less toxicity) by surgical pro- 
cedures, such as transurethral resection of the prostate 
(TURP) or transurethral laser therapy, androgen ab- 
lation or external beam radiation therapy, or a com- 
bination of these. 

The ideal candidate for 1-125, palladium-103 (Pd- 
103) PPI, or cesium-131 (Cs-131) monotherapy is a 
patient with a low risk of microscopic extension be- 
yond 1-3 mm. The risk of microscopic disease exten- 
sion outside the prostate has been reported by Partin 
and colleagues [15-17]. The Partin tables correlate the 
risk of extraprostatic extension (EPE), seminal vesicle 
(SV) involvement, and lymph node (LN) involvement 
with the pretreatment biopsy Gleason score, clinical 
stage by rectal examination, and PSA level. The nomo- 
gram was based on the pathologic examination of 
5730 radical prostatectomy specimens. The original 
work has recently been updated with results showing 
a reduced risk of extraprostatic disease extension for 
each of the categories, as a result of earlier disease 
detection in the current PSA era [18]. 

Some patients with documented EPE at radical 
prostatectomy have a low biochemical relapse free sur- 
vival (BRFS) rate and others a high BRFS. Davis [19], 
Sohayda [20], and Chao [21] separately published 
the radial extension of disease outside of the prostate 
capsule, as measured in millimeters on postoperative 
radical prostatectomy specimens. They independently 
demonstrated that the risk of extension beyond 1-3 
mm is low in the low- and low- to intermediate-risk 
cohorts. PPI monotherapy can be considered in these 
cases since the prescription dose margin of PPI is fre- 
quently on the order of 5-8 mm. 

Epstein et al [22] showed that some radical prosta- 
tectomy patients with pathologically documented EPE 
had lower BRFS compared to those without EPE. The 
risk of failure was also correlated to the pathologic 
Gleason score, LN and SV status. Those with EPE and 
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negative SV, negative LN, and Gleason score 2-6 had 
a 75% BRFS, whereas those with EPE and Gleason 
score 7 had only a 50% BRFS. Thus, some patients 
with EPE but favorable pathologic features (Gleason 
score 2-6) likely have less risk of disease beyond the 
surgical margin, and therefore are good candidates for 
local treatments. 

A low-risk prostate cancer category can be defined 
as those with Gleason score 2-6, PSA <10 ng/mL, 
and stage cT1 a-cT2 a [23-25]. These patients have 
a low risk of significant EPE, and experience excel- 
lent BRFS with seed implantation monotherapy with 
either Pd-103 or I-125 [26-31]. Some physicians per- 
form combined EBRT + PPI on all patients, even low- 
risk group patients, but the BRFS in these studies are 
not superior to those using PPI alone [32-33]. An ex- 
ception to using PPI monotherapy in low-risk patients 
may involve patients with a high percentage of pos- 
itive biopsies. D’Amico et al [34] demonstrated that 
low-risk patients undergoing radical prostatectomy, 
who had a high percentage of positive biopsy cores, 
suffered a significantly higher biochemical failure rate 
than those with a low percentage of positive biopsy 
cores. Whether this is an independent risk factor in 
PPI patients has yet to be proven. 

Few studies have many patients in the high-risk 
group treated by monotherapy. The initial PPI expe- 
rience of D’Amico at the Hospital of the University 
of Pennsylvania showed poor BRFS with the high- 
risk patients treated with monotherapy, but the qual- 
ity of these initial implants is in question because of 
learning-curve issues, the relative lack of postoperative 
CT dosimetry, and surprisingly poorer results in their 
intermediate-risk patients, as compared to contempo- 
rary reports from the New York and Seattle groups 
[24,35]. Data from Seattle with Pd-103 monotherapy 
showed better results than those published with three- 
dimensional conformal therapy (3D-CRT) or surgery, 
but it was a small number of patients and has not yet 
been duplicated by others [25]. Data reported from 
Mount Sinai Medical Center demonstrated promising 
results with trimodality therapy, including neoadju- 
vant, concurrent, and adjuvant androgen deprivation 
therapy, external beam radiation therapy (seminal 
vesicles plus prostate), and seed implant boost [36]. 
The standard brachytherapy treatment of high-risk 
disease, at this time, is EBRT + seed implant boost 
with I-125, Pd-103, or Cs-131 with or without hor- 
mone therapy. Long-term (15-year) BRFS outcomes 


were published by Sylvester et al and showed a rate 
of 67.8% BRFS in high-risk patients treated by 45-Gy 
EBRT followed by Pd-103 or I-125 boost [37]. 

While monotherapy is generally recommended for 
low-risk patients and combined therapy for high-risk 
patients, the choice of mono versus combined ther- 
apy is more difficult for men with intermediate-risk 
disease. Some studies show excellent 5- and 10-year 
BRFS with PPI monotherapy, whereas others (usu- 
ally involving implants carried out during the initial 
learning curve) have not [24,25,30,37-40]. The Seat- 
tle group previously reported the outcomes of their 
intermediate-risk patients treated with PPI, with or 
without EBRT. The data did not show any statisti- 
cally significant difference between the two regimens, 
but the patients treated with combined therapy had 
worse pretreatment risk factors and longer follow-up, 
yet enjoyed a 4% better BRFS (not statistically signifi- 
cant) [41]. In a recently published series, they showed 
that 9-year BRFS outcomes for intermediate-risk dis- 
ease treated from 1998 to 2000 of 91.9% in both the 
seed monotherapy and the combination EBRT + seed 
implant boost cohorts (80 patients in each). This was 
not a randomized trial and selection bias favored the 
monotherapy cohort [42]. 

The intermediate-risk group is heterogeneous. 
The current definition in Seattle of a favorable 
intermediate-group subset, or “Low-Intermediate 
Risk Group”, includes those patients with Gleason 
3 + 4 = 7, <1/3 core biopsies positive, PSA <10 
or Gleason 6 and PSA 10-15 ng/mL. This group 
will tend to have high biochemical control rates with 
PPI monotherapy provided the quality of implant is 
high and lateral margins generous (~5 mm). [43] 
Intermediate-risk patients with worse prognostic fac- 
tors such as a high percentage of positive biopsies may 
be served best by EBRT plus PPI, but the data are not 
yet conclusive for this patient-risk cohort. There is an 
open randomized RTOG trial (P-0232) to determine 
the role of supplemental EBRT in the intermediate-risk 
cohort. Figure 2.2 shows the current treatment guide- 
lines recommended by Seattle, which are consistent 
with those advocated by the American Brachytherapy 
Society [23]. 


Technical issues 


Technical issues need to be evaluated before a patient 
becomes a candidate for PPI. The preoperative plan- 
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Low risk 


Seeds alone 
T1-T2b, GI < 6, PSA <10 


Intermediate risk 
=T2c, GI = 7, PSA >10 
One factor only 


< 34% +cores: Seeds alone 


> 34% +cores: Seeds+EBRT 


High risk 
>T2c, GI =7, PSA >10 
Two or more factors 


M Seeds + EBRT 
(+ Hormones?) 


Fig 2.2 Lakewood Ranch Oncology patient selection 
criteria. 


ning TRUS prostate volume study can determine the 
gland volume and assess for the presence of pubic arch 
interference (PAI). If the prostate is much greater than 
60 mL, the implant becomes technically more chal- 
lenging. Large prostates also require more needles and 
seeds to achieve adequate dosimetric coverage. This 
increases the bleeding and trauma within and around 
the gland. Intraprostatic and periprostatic bleeding 
during the procedure can interfere with prostate visu- 
alization on ultrasound, and therefore negatively im- 
pact the quality of the implant. Prostate swelling and 
bleeding into the perineum can also move the prostate 
further away from the perineum and template, making 
it difficult to track the base position of the prostate. 
This can lead to underdosage of the base if one fails to 
adequately utilize sagittal imaging. In addition, the in- 
crease in trauma and swelling can increase the risk of 
acute urinary symptoms, including acute urinary re- 
tention. Thus, ideally the prostate should be less than 
60-70 mL or reducible to this with androgen abla- 
tion, or a combination of an oral antiandrogen and a 
5-alpha reductase inhibitor. 

Significant PAI can prevent proper placement of 
needles, and therefore seeds, along the periphery of 
the gland. This in turn can decrease the margin of tis- 
sue treated anterior and laterally along the prostate 
capsule, and may underdose microscopic extracapsu- 
lar extension. The technique for assessing this risk is 
discussed in the ultrasound-planning section. Evalua- 
tion of the pubic arch in every patient is necessary since 
occasionally a patient with an average size (30-40 mL) 
prostate will have significant PAI. If necessary, medi- 
cal downsizing can be used. Traditionally, a combina- 
tion of LHRH agonist depot and oral antiandrogen is 
used. Approximately 30%-40% volume downsizing 
effect can be seen after 3 months of total androgen 
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deprivation therapy. Side effects include emotional la- 
bility, hot flashes, loss of libido, gynecomastia, fatigue, 
and weight gain. Merrick et al demonstrated that an 
antiandrogen and 5-alpha reductase inhibitor (bicalu- 
tamide and dutasteride in this case) can result in an 
approximate 33% volume reduction after 3 months of 
therapy, with less side effects than the LHRH agonist 
depot/antiandrogen combination [44]. 

A previous TURP may be a relative contraindica- 
tion to PPI. Centers have noted higher rates of in- 
continence when TURP patients are treated with PPI 
[45,46,47]. This is especially true when a pure uni- 
form loading dosimetric approach is used. The uni- 
form loading dosimetric approach delivers a signif- 
icantly higher dose to the urethra than the modern 
modified peripherally weighted dosimetry approach 
[48]. Some studies that report low incontinence rates 
in patients with a previous TURP suffer from short 
follow-up [48,49]. Some early series where this ap- 
proach was taken showed that it took several years 
for incontinence to develop in TURP patients treated 
with the uniform loading dosimetry technique [46,50]. 
Therefore, patients with a history of a small TURP 
years ago should be counseled that their risk of in- 
continence may be higher than non-TURP patients. If 
an implant is performed in these patients the dosimet- 
ric plan should be more peripherally weighted. A large 
TURP defect is an absolute contraindication to PPI be- 
cause there is not enough tissue to hold the radioactive 
sources for adequate dose delivery. 


Toxicity issues 


Toxicity related risk factors are also important to con- 
sider before performing LDR brachytherapy. Patients 
with severe obstructive voiding symptoms, as defined 
by the international prostate symptom score (IPSS) 
questionnaire, urodynamic studies, and high postvoid 
residuals are at higher risk of experiencing greater 
acute urinary symptoms or temporary urinary reten- 
tion postimplantation. Rarely, a TURP or urethro- 
tomy may be required because of continued retention 
or obstructive symptoms. A TURP postimplantation 
can increase the risk for incontinence. Patients with 
high IPSS scores can become candidates for implanta- 
tion if their urinary symptoms respond well to alpha- 
blockers alone or in combination with 5-alpha reduc- 
tase inhibitors. If a patient is noted to have obstruc- 
tion due to bladder neck contraction a transurethral 
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incision of the prostate (rather than resection) 6-12 
weeks prior to implantation may decrease the risk of 
retention. 

Inflammatory bowel disease historically has been 
considered a relative contraindication to radiation 
therapy, both for EBRT and brachytherapy. How- 
ever, a retrospective study demonstrated that patients 
with Crohn’s disease or ulcerative colitis did not have 
elevated rectal toxicity [51]. Nonetheless, patients 
with inflammatory bowel syndrome should undergo 
a colonoscopy to rule out active disease in the ante- 
rior rectum prior to implantation. 


Technique 
Dosimetry 


The primary advantage of permanent seed implanta- 
tion is the ability to deliver significantly higher doses 
of radiation to the prostate and the immediate margin 
laterally in a single outpatient setting. Multiple stud- 
ies have reported that higher doses of radiation with 
different radiation modalities, delivered accurately to 
the prostate, result in superior BRFS [11,54-65,69]. 
While dose heterogeneity with brachytherapy is un- 
avoidable due to the fact that individual radioactive 
sources (seeds) are emitting radiation separately, care- 
ful planning and execution can minimize hot or cold 
spots. Hot spots (areas of higher doses of radiation) 
occur when seeds are adjacent to each other, and cold 
spots occur if seeds are placed too far apart. The ra- 
diobiologic effective (RBE) dose of permanent seed 
implantation has been shown to be higher than EBRT 
approaches, such as 3D-CRT and intensity modulated 
radiation therapy (IMRT) [64,65,69]. Standardization 
of the prescription dose and careful planning is neces- 
sary to ensure reasonable dose distributions. 

In the days of the retropubic implant, dose dis- 
tribution was labeled a “matched peripheral dose” 
that described the dose delivered to a volume equal 
to an ellipsoid volume with the same average vol- 
ume of the prostate being treated. This description 
was confusing. Treatment planning software has im- 
proved so that most radiation oncologists use minimal 
peripheral dose (MPD) to describe their prescription 
dose. The MPD describes the minimum dose delivered 
to the periphery of the target volume, which includes 
the prostate and a small margin of tissue. Most ex- 
pert centers define the target volume to include an 
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Fig 2.3 Pure uniform loading (a) and pure peripheral loading (b). See also plate 2.3. 


approximate 5-mm margin for low-risk disease, and 
slightly larger margin for more advanced cases. 

The American Brachytherapy Society Prostate Low- 
Dose Rate Task Force recommends 145-Gy MPD for 
I-125 monotherapy implants and 125 Gy for Pd-103 
monotherapy implants. In Lakewood Ranch Florida 
and Seattle, for I-125 145 Gy is used as monotherapy 
dose and 110 Gy for boost implants. For Pd-103 125 
Gy as monotherapy and 90 Gy for boost implants. 
For 131-Cs 115 Gy as monotherapy and 84 Gy for 
boost implants. Due to inhomogeneity, two different 
centers may prescribe the same MPD but have sig- 
nificantly different internal isodose curve dosimetry. 
These variations are common because of philosophic 
differences from center to center in seed-loading pat- 
terns, seed activity, and dosimetry (uniform vs. pe- 
ripheral vs. modified approaches). 

From 1985 to 1991 the Seattle team used a pure 
uniform loading dosimetry approach. A relatively high 
number of low-activity seeds were evenly distributed 
throughout the prostate. Seed spacing was planned 
at 1 cm from seed center to seed center, and ure- 
thral visualization techniques were not employed. As 
a result, the central prostate doses were in excess of 
150%-300% of the prescription dose (depending on 
gland size). Pure uniform loading had several draw- 
backs. There was a scalloping-in effect at the edges of 
the implant, which occasionally resulted in underdos- 
ing the edges of the gland, and there was an overdosing 


of the central (urethral) portion of the gland (Figure 
2.3a). These high central doses resulted in increased 
urinary morbidity in the patients who previously, or 
subsequently, underwent a TURP. 

A pure peripheral loading implant in which the 
sources are placed just within the peripheral edge of 
the planning target volume was attempted by some 
centers to reduce the high dose to the urethra and 
reduce the overall number of seeds. This philosophy 
used a relatively lower number of higher activity seeds 
and, compared to uniform loading, had the advantage 
of delivering a lower dose to the urethra and thus less 
urinary toxicity (especially in TURP patients). How- 
ever, it had significant disadvantages (Figure 2.3b) 
[48]. Even slight seed misplacement or migration of 
a few seeds resulted in hot spots in the rectum, neu- 
rovascular bundle, or urethra, risking greater compli- 
cations, along with occasional cold areas within the 
peripheral zone of the prostate resulting in a higher 
risk of local and biochemical failure. Although using 
less seeds decreased the cost of the implant, these cases 
were more challenging technically. The early BRFS 
reports from centers using this technique were not 
as high as those achieved with the Seattle approach 
[40,51]. 

Modified uniform-peripheral loading or modi- 
fied peripheral-uniform loading incorporates the ad- 
vantages of both philosophies and minimizes the 
potential drawbacks. The vast majority of centers in 
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Fig 2.4 Modified uniform loading (a) and Seattle model (b). See also plate 2.4. 


the United States currently use a modified uniform- 
peripheral loading approach [73]. This approach uses 
fewer seeds in the center of the gland and more in the 
periphery. Cold spots within the prostate are less likely 
than with a pure peripherally loaded implant, and the 
dose to the center of the gland is less than with a 
uniform loaded implant. The dosimetry outcomes are 
expected to result in less urethral toxicity and less lo- 
cal and biochemical failures, than a pure uniform or 
peripheral dosimetry approach, respectively (Figures 
2.4a and 2.4b). 

Clinical studies comparing dosimetric philoso- 
phies are lacking; and differences in skill from one 
brachytherapist to another, patient selection, and 
Gleason scoring from one center to the next also make 
it difficult to compare one dosimetric philosophy to 
another. Combining EBRT further complicates this 
analysis. While the vast majority of implant patients 
will fit into the modified peripheral loading philos- 
ophy, it is important to understand the anatomical 
relationship of the prostate and periprostatic struc- 
tures, in addition to any predisposing conditions may 
have an effect on treatment planning. For example, a 
TURP patient with intermediate-risk disease for which 
a combination of EBRT and PPI may be planned, 
may require a more peripherally weighted implant. 
The addition of EBRT probably works as a “radia- 
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tion spackle” and fill in potential cold areas, with the 
peripheral loading decreasing the urethral dose and 
potentially reducing the risk of urethral and urinary 
complications. 

When a brachytherapist speaks of “urethral spar- 
ing” he/she really means avoiding urethral “over- 
dosage” rather than “sparing” the urethra from the 
prescription dose. The dose the urethra typically re- 
ceives when urethral “sparing” is used is 100%-140% 
of the prescription dose. Currently, most centers use 
TRUS ultrasound preplanning (in the clinic or the 
operating room [OR]), and a fusion of the Manch- 
ester (peripheral loading) and Quimby (uniform load- 
ing) systems to develop a modified uniform-peripheral 
loaded implant plan, and then reproduce that plan in 
the OR under ultrasound guidance [74]. This is con- 
sistent with the ABS recommendations [23]. 

Some centers have documented difficulties in 
achieving excellent postoperative dosimetry with the 
preplan technique, yet have done well with the real- 
time technique [74]. Sylvester and Grimm recently 
reported on 1131 consecutive patients using a pre- 
plan, preloaded needle approach. They demonstrated 
excellent coverage of the prostate in all but one pa- 
tient with no rectal overdoses (RV 100 >1.0 cc) [75]. 
Reported improvement in dosimetry with the real- 
time technique may be the result of a learning curve 


effect, quality of the preplanning TRUS volume study 
or individual physician strengths or weaknesses in per- 
forming the procedure rather than a true technique 
effect. It is probably true to say that there is no one 
“right” way to perform prostate brachytherapy. Some 
will excel with the “preplan” technique, others with 
the “real-time” technique, and yet others with a hybrid 
between the two. All centers should have adequate 
postimplant quality assurance evaluation programs to 
evaluate their techniques and planning philosophies. 
Virtually all centers currently use ultrasound to guide 
needle placement in the OR, and postoperative CT or 
MRI for postoperative dosimetry. This allows one to 
evaluate the quality of the implants, thus optimizing 
and improving subsequent implant quality. 


Isotope selection 


Recognizing that Pd-103, I-125 , and Cs-131have dif- 
ferent photon energies, activities, and half-lives, dif- 
ferent prescription doses are used in order to achieve 
similar radiobiologic effects. Much is written about 
isotope selection because of these differences, but Pd- 
103, I-125, and Cs-131 isotopes are all very low en- 
ergy level sources (21 keV, 28 keV, and 30 keV, re- 
spectively). They are all prescribed to a very high 
biological effective dose compared to 3D-CRT and 
IMRT. Not surprisingly, since the prescription doses 
are designed to be radiobiologically identical, there is 
no convincing clinical evidence that one isotope is su- 
perior to the other in terms of RFS or toxicity. The 
Seattle team usually use I-125 for monotherapy cases 
(ABS Low-Risk Group), and Pd-103 90-Gy implant 
with 45-Gy IMRT with gold fiducial or Calypso™ 4D 
real-time Image Guided Radiation Therapy (IGRT) 
tracking for intermediate- and high-risk patients. In 
Lakewood Ranch Sylvester currently used IMRT with 
cone-beam CT guidance, and a 108Gy I-125 boost, in 
patients receiving combined therapy. I-125, Pd-103, 
or Cs-131 can be used for monotherapy or in combi- 
nation with EBRT. There is no significant data show- 
ing one isotope to be superior to another in terms of 
RFS or long-term toxicity. 

The method of modified peripheral loading incor- 
porates a plan for a significant percentage of seeds 
(20%—40% depending on prostate size) being placed 
outside the prostate, especially at the base and apex. 
EPE is usually on the order of 1-3 mm for low-risk 
and favorable intermediate-risk disease. The treatment 
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Table 2.1 Day 1 postoperative CT dosimetry results. 


Isotope Monotherapy Boost 

1-125 0.326-0.414 mCi 0.27-0.326 mCi 

Pd-103 1.5-1.8 mCi 1.0-1.2 mCi 

Cs-131 1.9-2.0 U 1.5-1.6 U 
(1.5-1.6 mCi) (1.18-1.26 mCi) 


margin typically encompasses the prostate, the prox- 
imal 1 cm of the seminal vesicles plus 4-8 mm of 
periprostatic tissue laterally and anteriorly. For unfa- 
vorable intermediate-risk patients, 45-Gy EBRT will 
aid in covering the periprostatic tissue, and impor- 
tantly, the seminal vesicles. The typical seed activity 
used at the Lakewood Ranch Oncology Center is de- 
scribed in Table 2.1. A higher activity could be used if 
less seeds and needles are required to minimize trauma 
to the gland. 


Transrectal ultrasound volume study 


Patients undergo a TRUS study just prior to or af- 
ter initial consultation. A high-quality TRUS at 5-mm 
transverse images from base to apex allows for ac- 
curate dosimetric planning. Important elements also 
include obtaining a clear sagittal image that simultane- 
ously shows the base and the apex in order to measure 
the midsagittal length of the prostate. This allows for 
an accurate determination of the length of the gland, 
which in turn determines the number of seeds in each 
centrally placed preloaded needle. The transverse im- 
age of the prostate is centered on the brachytherapy 
grid in midgland with the posterior row ~1-2 mm an- 
terior to the posterior capsule of the prostate. The base 
is identified in transverse and sagittal imaging planes. 
Then individual transverse images are obtained from 
the base to the apex in 5-mm increments. The total 
number of images obtained will be equal to the length 
of the prostate in centimeters times 2, plus 1. For ex- 
ample, a 4.0 cm long gland will have 9 (= 4 x 2 + 1) 
transverse images. 

It is ideal to obtain these images without distorting 
the shape of the prostate with the ultrasound probe. 
Planning with a distorted gland will result in incor- 
rect needle coordinates and/or incorrect numbers of 
seeds per needle on the dosimetric preplan. One needs 
to apply sufficient pressure on the gland with the ul- 
trasound probe to obtain a clear image of the gland 
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without distorting it with too much pressure (Figure 
2.5). A gel-filled or water-filled condom can provide 
adequate contact with the rectal surface to obtain 
good, consistent images. 

The angle of the probe at the TRUS is usually set 
at 10-15 degrees. If it is too steep, PAI at time of 
implant can occur. PAI can be evaluated during the 
TRUS by first scanning the pubic arch caudal to the 
apex of the gland, then outlining the arch on the ul- 
trasound monitor with a dry-erase marker. Scanning 


TRUS / PAI 


27° 


Fig 2.5 Distorted versus undistorted. 


at the largest transverse image of the prostate will 
demonstrate whether the pubic arch will interfere with 
needle placement (noticed as prostate tissue extending 
anterior to the drawn pubic arch). If interference ex- 
ists, it may sometimes be overcome by altering the ul- 
trasound probe angle to a flatter, lower angle (Figure 
2.6). After the images are obtained (by the radiation 
oncologist, urologist, or ultrasound technician) the ra- 
diation oncologist should outline the target volume for 
dosimetry planning. 


Fig 2.6 Adjustment for pubic arch. 


BRACHYTHERAPY FOR PROSTATE CANCER 


Fig 2.7 Transrectal ultrasound volume study and target volumes. 


Target volumes 


Target volumes include the prostate plus a margin. 
Target volumes are larger than the prostate to allow 
coverage of EPE and for slight prostate or seed move- 
ment. EPE is common and usually <3 mm. A~5 mm 
posterolateral margin in the area of the neurovascular 
bundle (NVB) [19-22] can be drawn in all patients, as 
radical prostatectomy specimens have demonstrated 
most EPE occurring at or near the NVB. Margins are 
tighter posteriorly by the rectum and anteriorly at the 
dorsal venous plexus (Figure 2.7). Margins at the base 
and apex are typically wider to accommodate slight 
prostate movement or seed placement. 

The dosimetry process involves creating a preplan 
that is simple and easy to reproduce in the OR. The 
number of needles that contain only 2 seeds can be 
limited to a minimum, and plans that have needle(s) 
with only 1 seed/needle should be avoided. The plans 
are typically symmetrical mirror images, from the left 
side of the prostate to the right. Special loading with 
a reduced number of seeds in the few centrally placed 
needles helps avoid overdosage to the urethra. 

The learning curve generally favors initially using 
a higher number of seeds with a relatively low ac- 


tivity per seed. As experience grows, one can gradu- 
ally increase the activity per seed to a more moderate 
level. The combination of planning from an undis- 
torted TRUS, a symmetrical plan that limits the num- 
ber of needles, an approximate 5-mm PTV (laterally), 
and higher numbers of lower-activity seeds creates a 
preplan that is easy to reproduce in the OR. 

This planning philosophy is robust enough that mi- 
nor or moderate adjustments or changes in needle po- 
sition in the OR will not negatively affect the quality 
of the postimplant CT dosimetry. For example, in Jan- 
uary 2002, Sylvester altered the insert coordinate of 
the periurethral needles in an attempt to decrease the 
dose to the apical urethra. Moving the central needles 
from the preplanned positions of c3 to C3 and d3 to 
E3 kept the mean urethral dose to well under 150% of 
prescription dose without lowering the V100 or D90 
(Table 2.2). 


Implant procedure 


Anesthesia can be spinal or general. Spinal anesthe- 
sia is usually performed at large ambulatory centers, 
and general anesthesia at urology private offices in 
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2000-2001 


Year of treatment Needles in c3 and d3 


2002-2003 
Needles in C3 and E3 


Table 2.2 Day 1 postoperative CT 
dosimetry results. 


Mean V100 92.6% 91.8% 

Mean D90 106.3% 104.4% 

Mean V150 57.1% 50.7% p<0.001 
Number of images where 331 38 p<0.001 


urethra received > 150% 
of prescription dose 


outlying communities. Following anesthesia, the pa- 
tient undergoes a perineal prep and ~200 cc of sterile 
water is instilled into the bladder. This expands the 
bladder and improves the contrast and visualization 
between the base of the prostate and the bladder on 
sagittal imaging. A 16 French gauge red Robinson 
catheter is attached to a syringe filled with aerated 
surgical lubrication jelly and then inserted a short dis- 
tance into the membranous urethra. This aerated jelly 
is used intraoperatively to visualize the urethra. 

The transrectal ultrasound probe is then inserted 
into the rectum at approximately the same angle and 
with the same pressure, as during the TRUS volume 
study. In transverse imaging the prostate is aligned in 
the center of the grid and the base and apex iden- 
tified, and the length double checked. The template 
grid device is secured 1-2 finger widths away from the 
perineum. 

The implant begins with insertion of needles into the 
anterior coordinates in transverse imaging. Individual 
preloaded needles (preloaded by the manufacturer or 
their preloading partner) are inserted into the prostate 
one row at a time. The transverse imaging plane 1.0 
cm or 1.5 cm from the prostate base is used for initial 
targeting during these needle insertions. Insertion at 
this plane allows easier identification of the needle 
and avoids bladder trauma as well as recognition of 
prostate drift (due to small amounts of swelling and/or 
bleeding) (Figure 2.8). 

After the needles are inserted into their planned x 
and y coordinates according to the preplan, the step- 
per is advanced to the planned needle insertion depth. 
The needle coordinate positions are then reconfirmed 
and adjusted, if necessary a few millimeters one direc- 
tion or another to match the plan. The prostate shape 
can vary slightly from the preplan and the urethra may 
not be in the precise center row of the prostate (D row) 
requiring slight adjustments to avoid the urethra and 
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Fig 2.8 Insert needles while 1-1.5 cm from base. 


assure placement to cover the prostate. The needles 
are oriented such that they are spaced in an even line 
at appropriate distances from each other (Figure 2.9). 
Rotating the probe and positioning the central on the 
first coordinate on the patient’s right allows for imag- 
ing in the sagittal mode. The final millimeter or 2 of 
insertion depth is adjusted under sagittal imaging. A 
ruler measurement from the template to the needle 
hub is used to verify the depth (even when the needle 
is well visualized). This reference depth is recorded 
and may be used later if the needle visualization is 
difficult. 

The seeds are deployed into the prostate by first 
advancing the needle to the proper depth and then ad- 
vancing the first seed to the bevel of the needle. The 
proper depth of the stylet is determined by the number 
of seeds within the needle, shown on the preplan. For 
example, the stylet hub in a needle with 4 seeds will 
extend approximately 4.5 cm from the needle hub, 
and will need to be advanced to approximately 4 cm 
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Fig 2.9 Insert entire row of needles. 


prior to insertion of the seeds. With the needle at cor- 
rect depth and seed advanced to the tip of the needle 
deployment of the stranded, linked, or free seeds is 
carried out (Figure 2.10) under sagittal imaging. The 
seed closest to the base is imaged and verified to be 


Seed number verification 


# cm = # seeds 


Seeds in 
prostate 
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at the proper depth by visualization on ultrasound. 
The probe is then rotated clockwise until the adjacent 
needle is seen and the process repeated. 

Before moving to the next row of needles, the 
prostate position is checked and adjusted, so that 
the prostate position within the grid matches its pre- 
plan position. The next row of needles is inserted in 
the transverse image plane and seeds are deposited in 
the sagittal image plane as described. With each row, 
the ultrasound image seed position is compared to the 
preplanned needle positions (Figure 2.11). The seeds, 
linked or stranded, typically visualize well because the 
seeds orient more consistently than free seeds horizon- 
tally to the ultrasound plane, offering a large surface 
area for the ultrasound waves to interact with. 

When inserting the periurethral needles, care is 
taken to keep these needles >5 mm from the urethra as 
visualized with the aid of aerated surgical lubrication 
jelly. The aerated jelly allows accurate visualization 
of the urethra, outlines the verumontanum and allows 
visualization of needles directly anterior to the urethra 
(Figure 2.12). The most posterior row of needles near 
the rectum require special attention to ensure adequate 
margin of tissue from the rectum. Typically the needles 


Withdraw needle over stylet 


Rotate needle 
here 


— 


Stylet held 
stationary 


Fig 2.10 Needle and seed stylet. 
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Fig 2.11 Ultrasound image seed position is checked with preplanning set-up. 


are placed in their planned coordinates and directed 
2—4 mm anterior to the posterior prostate capsule. 
This needle position is checked on both transverse and 
sagittal imaging. On sagittal imaging, the ultrasound 
probe is retracted from base to apex before deploying 
seeds to verify that no seeds will be posterior to the 
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prostate or too close to the rectum. If the needle is 
too close to the rectum on sagittal imaging, the needle 
will be inserted into the template at a row 0.5 cm to 
1.0 cm anterior to the planned coordinate and direct 
the needle to allow for a margin of tissue. This mi- 
nor adjustment is quicker than repositioning the probe 


Fig 2.12 Urethral visualization: 
aerated KY™ Jelly. 


angle or patient leg position, and has resulted in 100% 
success at limiting the RV100 to <1.0 cc without any 
underdosage of the posterior wall of the prostate [75]. 

At the end of the procedure, a fluoroscopic image 
for seed verification purposes is taken. An ultrasound 
survey from base to apex to identify any potential 
“cold” areas is performed between rows and at the 
end of the procedure. “Bonus” seeds are very rarely 
required with connected seeds. Postimplant radiation 
exposure measurements are taken in the OR. These 
measurements are of the radiation exposure at the an- 
terior pelvic surface, and at 100 cm from the patient’s 
surface. The OR room including staff, Foley catheter, 
and drainage bag are surveyed to avoid loss of ra- 
dioactive seeds. A 3-way catheter can be placed for 
bladder irrigation until the anesthesia wears off. The 
catheter is removed prior to discharge. The follow- 
ing day the postoperative dosimetry CT scan is done. 
Some centers perform this at day 28. A chest x-ray can 
be performed to rule out migratory seed(s). 


Postoperative dosimetry evaluation 


Orthogonal film dosimetry was used in the past for 
postoperative implant quality evaluation. Unfortu- 
nately this technique does not evaluate source po- 
sition within the prostate. Thus, studies that report 
high-quality implants based on postoperative orthog- 
onal film dosimetry may not have truly achieved high- 
quality implants. Modern postoperative implant qual- 
ity evaluation uses CT and/or MRI-based dosimetry. 
These show the radioactive sources in cross-sectional 
images where they lie within the prostate. Dose vol- 
ume histograms (DVH) and isodose curves can then 
be derived with the aid of computer treatment plan- 
ning software (Figure 2.13). Problems with CT-based 
dosimetry involve artifact caused by the seeds, by ar- 
tificial hips, difficulty in identifying the apex of the 
gland, and difficulty in distinguishing the prostate cap- 
sule from the periprostatic vascular structures. These 
latter factors can result in the CT scan overestimating 
the size of the prostate as opposed to ultrasound, MRI, 
or operative measurements [75-77]. These factors can 
make it challenging to outline the prostate margin ac- 
curately on postoperative CT scans. To help overcome 
inconsistencies and physician bias in prostate con- 
touring, some centers use the preoperative TRUS to 
outline the prostate contour on the CT (correct mag- 
nification factor adjustment). Multiple studies have 
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documented that prostate swelling after implantation 
is approximately 20%, and can be as high as 50% 
[77-82]. Serial CT scans show continual shrinkage of 
the gland over time. The initial swelling can cause the 
seeds to move further apart. As the seeds lose their ra- 
dioactivity the prostate swelling resolves, and the seeds 
move closer together. This can affect the postoperative 
dosimetry isodose curves especially if a tight margin or 
no margin is given. Therefore, even if one accurately 
outlines the prostate contour on the postoperative CT 
scan, the DVH from one center to another may vary 
depending on how many days or weeks postopera- 
tively the CT scan was performed. This complicates 
comparisons of implant quality from one center to the 
next. 

At 1 month after implant, most of the prostate 
swelling has resolved. Performing postoperative 
dosimetry at this time is reasonable if the logistics 
work out with the patient population [78,79,82]. At 
centers where the patients travel large distances, post- 
operative dosimetry performed on postoperative day 
zero or day one may be more practical. Qualitative 
evaluation with orthogonal films or CT scans without 
DVH analysis has indicated superior quality implants 
with modern PPI techniques, as compared with retrop- 
ubic techniques of the 1970s [14,80,83-87,90-92]. 
Modern CT scan derived DVH analysis further doc- 
uments the superiority of the modern PPI technique 
[92,93]. Stock et al [51] documented better BRFS in 
those patients treated with I-125 monotherapy who 
received a D90 of greater than 140 Gy, than those with 
a D90 less than 140 Gy. Potters et al [96] reported sig- 
nificantly better BRFS in monotherapy PPI (I-125 or 
Pd-103) in which postoperative D90 of greater than 
90% was achieved. Grimm and colleagues [30] have 
shown that the initial Seattle I-125 monotherapy pa- 
tients treated from 1986 to 1987 achieved significantly 
worse BRFS than I-125 monotherapy patients treated 
at the same institution, by the same physicians, from 
1988 to 1990. It should be noted that these two co- 
horts of I-125 monotherapy patients had equivalent 
follow-up and were treated in the same era. These im- 
plants were performed before the availability of DVH 
analysis, but it is likely that the patients treated from 
1988 to 1990 received higher quality implants than 
the initial discovery-curve patients treated from 1986 
to 1987. These studies clearly demonstrate that higher 
quality implants result in better BRFS in monotherapy 
PPI. 
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Fig 2.13 Cover the prostate with margin, avoid the rectum. 


Postoperative dosimetry provides important imme- 
diate feedback on the individual patient’s implant. If 
there is a significant region of underdosing, it can be 
addressed with supplemental EBRT, HDR, or further 
strategically placed seeds at a second PPI procedure. 
Postoperative dosimetry can also reveal an individ- 
ual brachytherapist’s dosimetry trends. If consistent 
underdosing of the base or overdosing of the ante- 
rior wall of the rectum is noted, the brachytherapist 
should alter his or her implant technique. Currently, 
the ABS recommends CT scan-based postoperative 
dosimetry and that it be reported when PPI results are 
published [97]. Postoperative DVH analysis should be 
performed on each patient. Ideally, it should be per- 
formed on approximately the same postoperative day 
or within 30 days of the procedure. It should include 
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isodose curves overlaid on the prostate and should 
document the D90, V100, V150, RV100, and ure- 
thral doses. Some centers are looking at doses to the 
bulb of the penis as well [99]. 


Dosimetric goals 


The goal of prostate brachytherapy is to achieve bio- 
chemical control while avoiding overdosage of criti- 
cal surrounding structures. To date multiple studies 
have shown excellent correlation with postoperative 
dosimetry and BRFS and radiation proctitis. High- 
quality implants, as documented by D90 of greater 
than 90% of prescription dose or >140 Gy for I-125 
monotherapy implants, or by a V100 of >80% or 
90%, correlates well with BRFS [51,96,97,99,100]. 


Table 2.3 Seattle dosimetry: median values (1131 
consecutive patients 1998-2000). 


1131 patients V100 %D90 V150 RV100 
I-125 Mono 95 106 47 0.30 
Pd-103 Mono 91 102 55 0.13 
Cs-131 Mono 97 112 47 0.38 
I-125 Boost 91 101 40 0.16 
Pd-103 Boost 92 104 57 0.14 


RV100 ranges <0.1 cc — 0.92 cc. 


Other studies reveal that the incidence of radia- 
tion proctitis increases as the rectal volume receiv- 
ing 100% of the prescribed dose (RV100) increases, 
especially >1.0 cc on day 1 dosimetry and >1.3 cc 
on day 30 postoperative dosimetry [101-104]. Cur- 
rent goals should center on achieving a consistently 
high V100 and a consistently low RV100 on post- 
operative dosimetry in order to maximize BRFS and 
minimize the incidence of radiation proctitis. Mod- 
ern implants on 1131 consecutive patients performed 
by the Sylvester, Blasko and Grimm, while in Seattle, 
from 2005 to 2007 resulted in only 3 patients with 
D90 <87% prescription dose and zero patients with 
an RV100 >1.0 cc on day 1 dosimetry [75] (Tables 
2.3 and 2.4). 


Toxicity 
Major acute operative morbidity is virtually unheard 
of. Severe bleeding requiring transfusions or admis- 


sion to intensive care for any postoperative acute 


Table 2.4 Post-implant dosimetry on 1131 patients: only 
3/1,131 had %D90 < 90%. 


V100 %D90 Boost? notes 
1 84 91 N 
2 82 92 N 
3 84 93 N 
4 83 92 N 
5 84 91 N 
6 82 91 Y “Boost case” 
7 82 87 N De-escalation trial 
8 81 85 N TURP 
9 75 75 N Different than usual technique 
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events and or death have not been reported. In the 
Seattle experience, with over 11,000 PPI procedures 
no serious intraoperative or postoperative morbid- 
ity was noted. Acute postoperative side effects are 
common and are primarily Radiation Therapy On- 
cology Group (RTOG) grade 1-2 irritative and ob- 
structive lower urinary symptoms, including increased 
frequency, urgency, dysuria, and poor stream. Alpha 
blockers are routinely started a few days prior to the 
implant, and continue until urinary obstructive symp- 
toms subside [109,110,112-114]. The symptoms are 
at their worst during weeks 2 to 6 postoperatively, 
but typically are bothersome for 2 to 9 months. Short 
term (<3 weeks) acute urinary retention occurs in 
approximately 10% of patients. Several factors have 
been implicated in single institution univariate analy- 
sis, including large gland size, high pretreatment uri- 
nary symptom score, and pretreatment with androgen 
ablation. On multivariate analysis most of these risk 
factors drop out or are not reproducible between var- 
ious institutions [118-122]. 

In the small percentage of patients that experience 
retention of more than a few weeks duration, self- 
catheterization is taught or a suprapubic catheter is 
placed until the swelling and retention spontaneously 
resolve. If retention does not resolve, surgical inter- 
vention with a transurethral urethrotomy or a mini- 
mal TURP is usually indicated. It must be emphasized 
that these procedures should not be performed until at 
least 9 months (preferably >12 months) after PPI due 
to risk of incontinence [119]. Occasionally, a staged 
procedure can minimize risk of incontinence. 

Chronic bladder complications include cystitis and 
overactive bladder. These occur with ~2% incidence, 
and can be managed with medication. Intravesical 
therapy using a xylocaine-based cocktail can be used 
to treat moderately severe cystitis. Urinary inconti- 
nence with PPI can occur, but is rare (~1%). Late 
urinary retention due to urethral stricture occurs with 
a 5%-10% incidence. This can be corrected in ~90% 
of patients with dilation or urethrotomy [119]. 

A temporary increase in bowel frequency and ur- 
gency occasionally occurs and usually responds to diet 
modification or antidiarrheal medication. Chronic or 
delayed rectal bleeding occurs with a 2%-10% inci- 
dence [112-121]. Multiple studies have correlated this 
and other rectal complications with the postimplant 
dosimetric parameter of the rectal volume receiving 
100% of the prescribed dose (RV100) [46,121-126]. 
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Proctitis may be conservatively managed with dietary 
changes, steroids, suppositories, and sucralfate ene- 
mas. Significant rectal bleeding should be investigated 
with colonoscopy or flexible sigmoidoscopy. Biopsy 
or electrocautery of the anterior rectum following 
PPI should be avoided, due to risk of acquired rec- 
tourethral fistula (RUF) or nonhealing rectal ulcer. 
If a patient is due for colonoscopy within a couple 
of years for other reasons, then this should be per- 
formed immediately prior to PPI. This may eliminate 
the need for subsequent biopsies to rule out rectal 
malignancy. If necessary, chemical cautery with dilute 
formalin or minimal argon plasma coagulation of the 
rectal mucosa can be considered for rectal bleeding. A 
recent multi-institutional randomized study demon- 
strated the benefit of hyperbaric oxygen in radiation 
induced, medically refractory proctitis. One caveat is 
that prostate patients made up a small proportion 
of those in the study [127]. Less than 1% of RUFs 
are caused by PPI directly [128-132]. Fecal diversion 
is typically required to manage severe rectal symp- 
toms. This can be followed by resection of the fistula, 
graciloplasty, and hyperbaric oxygen therapy in se- 
lected patients. A small proportion of patients manage 
to have the fecal diversion reversed. 

Hematuria and hematospermia are to be expected 
for at least a few days following PPI. One third of sex- 
ually active patients will experience some level of pain 
with orgasm; this can persist for weeks to months and 
is usually mild typically responding to nonsteroidal 
anti-inflammatory drugs. The prostatic and seminal 
vesicle fluid components (~90%) of the ejaculate will 
decrease dramatically following PPI, but sperm can 
still be present. Whether or not the sperm is sig- 
nificantly damaged by the radiation exposure is un- 
known, but birth control measures are recommended 
for those couples who are still fertile. Ejaculation of 
a seed is rarely reported. The Seattle team is aware of 
less than five patients who have noted this event over 
the past 15 years. 

Erectile dysfunction (ED) occurs at a considerable 
rate with all prostate cancer treatments. Data is dif- 
ficult to interpret because of subjectivity of patient 
questionnaires, reliability of patients answering the 
questions, and most importantly the age and health of 
the patient pretreatment. A meta-analysis comparing 
EBRT, PPI, EBRT+PPI, nerve-sparing RP, and non- 
nerve-sparing RP showed no significant difference be- 
tween PPI and RP in terms of ED rates [124]. In these 
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studies the surgical patients were significantly younger 
and healthier pretreatment than the brachytherapy or 
EBRT patients. Most studies show surgery to result 
in significantly higher rates of ED than brachytherapy 
treated patients, despite the younger age of surgical 
patients. Cesarettie and Stock reported that 92% of 
patients who were in their 50s at the time of PPI and 
had a pretreatment Sexual Health Inventory for Men 
(SHIM) score of >20 maintained the ability for erec- 
tions adequate for intercourse 7 years after PPI [125]. 
Although data from EBRT treated patients supports 
a dose correlate with the penile bulb, analysis from 
PPI does not hold similar [126]. Pretreatment function 
is the most significant predictor of ED. New data is 
emerging on the use of continuous low dose, prophy- 
lactic PDE-5 inhibitors to prevent ED after prostate 
treatment [127]. 

The topic of second malignancies arises when the 
use of therapeutic radiation is discussed, especially 
with younger men opting for PPI. Luiaw and Sylvester 
reported the only large single institution study with 
long follow-up on this topic. They showed no increase 
in secondary malignancy when PPI monotherapy was 
used compared with age matched cohorts [128]. A 
small increase was associated with those receiving 
combination EBRT and PPI, but that could also be 
attributed to preexisting risk factors and smoking his- 
tories in those individuals. A SEER database analysis 
by Tward et al confirmed this finding [129]. 


Cancer control 


BRFS is used as the endpoint for disease control due to 
the long natural history of prostate cancer, which re- 
sults in a large portion of patients (even those exhibit- 
ing biochemical failure after primary radical treat- 
ment) dying of causes other than prostate cancer. 
The earlier American Society of Therapeutic Radiol- 
ogy and Oncology (ASTRO) definition of biochemical 
failure (3 consecutive PSA rises above nadir) has been 
recently replaced by the ASTRO-Phoenix definition, 
which requires a PSA of nadir +2 ng/mL to document 
failure. 

Most BRFS reports from the Seattle group con- 
cern patients diagnosed and treated in the late 1980s 
and early 1990s. These patients are from a differ- 
ent era than those currently treated with modern 
radical prostatectomy, 3D-CRT, IMRT, and HDR 
brachytherapy. Multiple studies from the surgical and 
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Fig 2.14 Seattle long-term BRFS 0 
outcomes EBRT + seeds. 


radiotherapy literature show that patients treated a 
decade ago do more poorly in terms of BRFS, and 
cause specific survival than modern patients. This is 
due to a variety of factors, such as improved Gleason 
scoring, stage migration, improved imaging, improved 
treatment techniques, and PSA screening effects. Thus, 
it is impressive that the results of seed implantation in 
these patients from 1987 to 1994 (many of whom 
were Gleason underscored, had no postoperative CT 
dosimetry, were treated without sagittal imaging, and 
with reusable needles) compare so favorably to more 
recent surgical and EBRT series. The undergrading 
phenomenon has been reported in the urologic litera- 
ture [105]. 

Sylvester reported the 15-year (Seattle) experience 
with combined EBRT and PPI without androgen ab- 
lation [37]. Patients were analyzed based on two 
different risk group stratification systems defined by 
MSKCC and D’Amico. A modification of the ASTRO 
definition of BRFS was used where only two rises in 
PSA were needed to define a failure instead of the old 
ASTRO criteria of three consecutive rises. Most pa- 
tients were treated with a total dose of 45 Gy EBRT to 
a “limited pelvis” followed by either a 90-Gy Pd-103 
or 110-Gy I-125 PPI boost. Two hundred and twenty- 
three patients had a median follow-up of 9.43 years. 
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(Patients cohort treated between 1987-1993) 
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Current 15-year BRFS results by the D’Amico risk 
grouping system are low-risk 85.8%, intermediate- 
risk 80.3%, and high-risk 67.8% (Figure 2.14). 

Grimm reported the long-term Seattle experience 
with I-125 monotherapy. From 1988 to 1990 a to- 
tal of 125 patients were consecutively treated with 
1-125 implant to a dose of 144 Gy [30]. The aver- 
age follow-up of the nondeceased patients was 94.5 
months. The local control rate by digital rectal exam- 
ination and biopsy was 97%. The metastatic disease 
rate was 3%. The low- and intermediate-risk patients 
experienced a 10-year BRFS of 87% and 76%, respec- 
tively. Sylvester updated the 15-year BRFS outcomes 
of I-125 monotherapy patients treated from 1988 to 
1992. The median follow-up was 11.7 years for the 
entire cohort, and 15.4 years for the patients who 
had no biochemical evidence of disease. The low-, 
intermediate-, and high-risk patients achieved a BRFS 
of 85.9%, 79.9%, and 62.2%, respectively [107] (Fig- 
ure 2.15). 

Blasko et al reported the Seattle experience with Pd- 
103 monotherapy [108]. These patients had higher 
Gleason Scores than the patients treated with I-125 
monotherapy that Grimm et al had reported. A total 
of 232 patients were treated with Pd-103 monother- 
apy from 1989 to 1995, with an average follow-up 
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of 49 months. The local control rate was also 97%. 
The metastatic disease rate was 6%. The 5-year BRFS 
for the low-, intermediate-, and high-risk patients was 
94%, 82%, and 65%, respectively, although only a 
small number of high-risk patients were treated with 
Pd-103 monotherapy. Those patients with Gleason 
score 7-10 and a PSA <10 ng/mL experienced a 5- 
year BRFS of 80%. None of the patients in the above 
reports by Blasko, Grimm, or Sylvester received any 
androgen ablation therapy. 

Modern series from multiple institutions have 
shown outstanding BRFS rates with 5- and 7-year 
results of 97%-98% BRFS for low-risk patients [ 
31,65,69,74]. Sylvester recently reported a cohort of 
intermediate-risk patients treated from 1998 to 2000 
showing a 91.9% BRFS at 9 years with or without 
supplemental EBRT or androgen ablation [42]. Ex- 
cellent BRFS results in modern low-, intermediate-, 
and high-risk patients treated by low dose rate seed 
implant brachytherapy at centers of excellence are 
shown in Table 2.5 [42,109,110,112-116]. Grimm 
and Sylvester have recently reviewed over 15,000 
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Fig 2.15 Seattle long-term BRFS 
outcomes I-125 alone. 


prostate cancer articles published in the peer reviewed 
medical literature from 2000 to 2009. Those articles 
that reported on BRFS using commonly accepted risk 
grouping (NCCN, D’Amico, MSKCC), had a median 
follow-up of at least 5 years, had at least 100 patients 
per risk group, and did not exclude patients due to 
postoperative pathologic findings, were accepted into 
the final outcomes charts [117]. 


Future directions 


Edema of the prostate due to needle trauma or ra- 
diation can cause urinary obstructive symptoms in- 
cluding acute urinary retention. Studies implicating 
needle trauma specifically include those analyzing 
number of needles required for the implant and the 
number of needle punctures [130]. Prostate gland 
edema seen on postimplant CT is predictive of uri- 
nary retention, but also may play a role in dose dis- 
tribution and impotence. A new seed called “Thin- 
Strand”, which is 40% thinner than the standard seeds 


Table 2.5 Brachytherapy series. 
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BRFS seed implant (Modern era) Follow-up Low-risk Intermediate-risk High-risk 
Memorial Sloan Kettering Cancer Center New York City [109] 7-years 98% 93% 

Multicenter pooled data (all patients had Gleason 8-10) [110] 5-years - - 86% 
Institute Curie. Paris [112] 5-year 97% 94% 

Cleveland Clinic [113] 5-years 95% 85% 

Mt Sinai, New York City [114] 10-years 94% 89.5% 78% 
M.D. Anderson, Houston [115] 5-years 96% 100% 

Seattle [42] Sylvester et al 9-years 91.9% 

British Columbia Cancer Center, Vancouver Canada [116] 5-years >94% <95% 


currently in use and delivered through a 20-gauge nee- 
dle, may be able to positively impact toxicity. Early 
dosimetric and health-related quality of life outcome 
measures are encouraging [131]. 

Minimizing the rectal dosage is also something that 
requires further investigation. A Spanish group has 
published a report of perirectal injection of hyaluronic 
acid to create a spatial buffer between the prostate and 
the rectum for this very purpose. In a small prospective 
study, they demonstrated a reduced risk of visualized 
rectal mucosa injury and a lower risk of rectal bleeding 
[132]. Hyaluronic acid is not currently approved for 
this use in the United States. 


Conclusions 


Brachytherapy is now a standard treatment for low- 
to intermediate-risk prostate cancer. It can be carried 
out in an ambulatory care setting with minimal acute 
toxicity, early recovery to normal activities, and ac- 
ceptable genitourinary side effects. The cancer con- 
trol of brachytherapy demonstrates that it is at least 
as effective as external beam radiation therapy and 
surgery. Further technological improvements in seed 
delivery and protection of the rectal mucosa should 
reduce toxicity of this procedure further. 
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Introduction 


In 1950 Frey and Lochmann first described the use 
of ultrasound for ablating malignant tumors in ani- 
mals [1,2]. Several groups picked up this revolution- 
ary idea, and only a few years later Burov demon- 
strated that high-intensity ultrasound could be used 
to destroy cancer cells in humans [3]. The early work 
on this technique was limited by the lack of devices 
with adequate performance and accuracy. By 1990 
more advanced systems became available, and detailed 
experimental studies to treat malignant tumors were 
performed. High-intensity focused ultrasound (HIFU) 
was introduced in oncology to destroy a variety of ma- 
lignant lesions, including tumors of the liver, pancreas, 
bone, rectum, and breast [4,5]. 

In 1992 Chapelon et al used HIFU to create lo- 
cal tumor necrosis in prostatic adenocarcinoma in an 
animal model [6]. Subsequently, Gelet and Chapelon 
reported the first clinical studies to evaluate the effi- 
cacy of transrectal HIFU for the treatment of localized, 
low-grade prostate cancer in humans [7]. By 1995 
Madersbacher et al reported the successful use of this 
technique to destroy entire cancer lesions in the hu- 
man prostate [8]. This was the first systematic study 
to evaluate the extent and location of the intrapro- 
static necrosis by planimetry analysis of whole-mount 
prostate sections in patients who underwent radical 
retropubic prostatectomy after HIFU treatment. To 
date, prostate cancer [9] as well as renal [10], bladder 


[11], and testicular tumors [12] have been treated with 
HIFU, and clinical results are now available [13]. 


Basic science 


HIFU relies on the same principles as conventional ul- 
trasound. Ultrasound is acoustic energy in the form 
of longitudinal waves. These sound waves are trans- 
mitted as alternating series of compressions and rar- 
efactions. As the waves propagate through nonhomo- 
geneous media such as biologic tissue, particles are 
forced to oscillate back and forth from their original 
rest positions, and as they do so, some of the me- 
chanical ultrasound energy is converted to heat [8, 
14]. With conventional diagnostic ultrasonography, 
the change in temperature is minimal, and therefore, 
the insonicated tissue is not altered. If the ultrasound 
waves are focused at a precisely defined location to 
achieve higher site intensity (i.e., HIFU), heat sufficient 
for thermal destruction of all biologic tissues can be 
achieved [15]. A higher level of site intensity can lead 
to cavitation processes, with microbubble formation 
and implosion, and ultimately mechanical disruption 
of tissues within the focal area [6,15]. 

The thermal effect of ultrasound depends on sev- 
eral factors, including the absorption coefficient of 
the insonicated tissue, the site intensity achieved, the 
duration of insonication, and the conduction of heat 
throughout the targeted structures [14]. Irreversible 
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cell destruction of biologic tissues occurs rapidly 
above a threshold of 60°C, resulting in coagulative 
necrosis. At site intensities above 1200 W/cm?, these 
temperatures are reached at the focal point within 
seconds. As a result, heat losses by conduction near 
larger vessels impact ablation efficacy significantly less 
than with other thermal ablation techniques, which 
are based on slower heat generation. The size of the 
lesion created by HIFU is proportional to the duration 
of insonication. It can be controlled by modulating the 
energy administered and also with an on/off mode to 
avoid overheating and potential cavitation. To achieve 
larger lesions, the focus is moved during the off phase 
by moving the transducer. Alternatively, tissue can be 
insonicated continuously, and the focus is moved dur- 
ing insonication (painting). The lesion is created at the 
focus, but then it always grows toward the transducer 
[8]. 

If energy at the focal point increases above a 
threshold of approximately 2000 W/cm?, microbub- 
bles form within the insonicated tissues because of 
the negative pressure of the ultrasound wave [15,16]. 
These microbubbles increase in size to the point at 
which resonance is achieved. When the bubbles sud- 
denly collapse, mechanical disruption of tissues oc- 
curs, resulting in a cavitation process. This process 
mainly depends upon energy, pulse length, frequency, 
and tissue factors. As a natural consequence of ther- 
mal ablation, this is a process that is difficult to con- 
trol [17]. Moreover, microbubble formation reflects 
incoming ultrasound waves so that the area of tissue 
damage grows rapidly outside the focal area (i.e., the 
intended target) toward the transducer, with the risk 
of damaging nontarget structures [15,18]. 

In contrast to thermal ablation, cavitation causes 
more rapid tissue destruction, which can be visual- 
ized with real-time ultrasonography [19]. Cavitation 
is produced by administering very short (20 microsec- 
onds) pulses composed of 10—15 waves that show 
similar morphology to shock waves, which are re- 
peated at a rate of 100 Hz. This process essentially 
eliminates thermal ultrasound effects [20]. Lake et al 
studied this technique in vivo in canine models using 
an annular 18-element, 750-kHz, phased-array ultra- 
sound system. Histological evaluation showed well- 
demarcated cavities containing liquefied material with 
a sharply delineated rim to morphologically intact 
cells [21,22]. Beyond this margin, no tissue damage 
was apparent. This technique, termed histotripsy, ap- 
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pears promising, but the transition to clinical utiliza- 
tion has not yet occurred. 

When utilizing energy ablative techniques to destroy 
malignant tumors, it is essential that systemic spread 
of tumor cells with metastatic potential is avoided. 
Experimental studies have clearly shown that this is 
not a risk with thermal HIFU ablation [6]. However, 
this has not been shown conclusively in techniques 
specifically targeting tissue with the aim of causing 
cavitation. The tissue effect of cavitation is mainly 
due to mechanical disruption, which, at least theo- 
retically, could propagate systemic dispersion of liv- 
ing cells. There are similarities between cavitation and 
shock-wave lithotripsy (SWL), and early studies with 
SWL suggest that the spread of tumors with a high 
metastatic potential might be enhanced by shock-wave 
exposure [23]. 


HIFU devices 


For clinical use, an effective HIFU system must com- 
bine focused ultrasound with an integrated imaging 
device. Early HIFU systems were derived from piezo- 
electric lithotriptors. A number of piezoceramic ele- 
ments were mounted on a concave dish and directed 
at a joint focal point [11]. To change the position of 
the focus the entire dish had to be moved. Although 
used in phase II clinical studies, the approach was 
rapidly abandoned because of the unreliable focusing 
and difficult manipulation of the very large generator. 
The current generation of HIFU systems mainly uses 
single, spherical transducers (Figure 3.1). They either 
have a fixed focus defined by the transducer shape and 
frequency [8,9,15,24], or the energy of a transducer 
is focused with acoustical lenses [25-27]. The latter 
system has the advantage of variable focal distances. 
The latest HIFU devices are based on phased-array 
systems. They are constructed with a multitude of dif- 
ferent focal length transducers, so that focal depth and 
size can be changed rapidly in real time without having 
to reposition probes. Phased-array systems are more 
efficient and accurate than single element transducers, 
and permit contouring of the focal region to the target 
area three dimensionally [28]. Tissues are insonicated 
continuously and hence ablation is faster [28-30]. The 
systems can be miniaturized to allow placement into 
small cavities, such as the urethra [30]. 


35 


CHAPTER 3 


Fig 3.1 High-intensity focused ultrasound (HIFU) probe. 
(Reproduced with permission from Focus Surgery, Inc.) 


Ultrasonography has been the traditional imaging 
modality to direct HIFU. In single transducer sys- 
tems, the central zone of the transducer can be used 
for imaging and the peripheral zone for HIFU. This 
permits real-time monitoring of the treatment zone, 
but as the same frequency used for ablation is used 
for imaging, this technique negatively impacts on im- 
age quality [8,10,31,32]. Alternatively, a therapeutic 
transducer may be coupled with a separate imaging 
transducer [9,27,33,34]. Imaging is then at optimal 
frequency and quality, but can only be performed in- 
termittently (Figure 3.2). 

One of the decisive drawbacks of HIFU is the dif- 
ficulty of monitoring the tissue effect during treat- 
ment. As thermocouples interfere with insonication, 
traditional thermometry cannot be used. Attempts to 
utilize complex ultrasonography techniques such as 
elastography have not proven practical [35,36]. In 
general, HIFU ablation therefore follows treatment 
algorithms based on clinical experience and the scant 
data available from histological studies of tissues after 
HIFU [8,10,26,37]. Microbubble formation emerging 
near the cavitation threshold is of course easily visu- 
alized. Some authors have defined this as a sign of 
adequate energy deposition [31,38], and recommend 
“visually” directing HIFU by treating tissues until this 
occurs [39]. Although this achieves more thorough 
tissue ablation, it comes at higher morbidity and sig- 
nificantly longer treatment time [40]. Recently, there 
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Fig 3.2 Transrectal (HIFU) probe. (a) Two separate trans- 
ducers for imaging and therapy. (b) The same transducer is 
used for imaging and therapy. (Reproduced with permission 
from Margreiter, MD) 


has emerged an ultrasound-based thermometry for a 
transrectal HIFU device (Sonablate 500) for prostate 
ablation that may reduce the need for visually directed 
HIFU, although the method does need to be validated. 

MRI thermometry appears at present to be the only 
reliable approach to real-time thermometry during 
HIFU. Temperature dependent tissue changes can be 
defined most precisely by field changes, so that temper- 
atures can be monitored in vivo virtually in real time 
[41,42]. A prerequisite for precise MRI thermometry 
is the complete absence of movement of the target dur- 
ing measurement since a change in position by 1-3 mm 
may result in errors on the magnitude of 10-20°C. 
Mobile organs such as the prostate can be stabilized 
with a transrectal or transurethral device. With this 
configuration, automated 3D MRI treatment mod- 
eling combined with MRI thermometry for real- 
time monitoring of the HIFU effect appears promis- 
ing. New phased-array HIFU systems integrated into 


Fig 3.3 Ablatherm HIFU system. 
Treatment module (left). Control 
module (right). (Reproduced with 
permission from EDAP-TMS, France) 
See also plate 3.3. 


open access MRI scanners for transurethral (Pro- 
found Medical, Toronto, Canada) or transrectal (In- 
Sightec, Tel Aviv, Israel) ablation of prostate cancer 
are presently going into phase I clinical testing. 


Prostate cancer 


As a minimally invasive procedure, HIFU promises 
lower overall morbidity, particularly with respect to 
continence and erectile function and comparable can- 
cer control outcomes in the medium to long term. 


Transrectal HIFU devices 


Currently two systems are commercially available and 
in clinical use. The Ablatherm® system (EDAP-TMS, 
Lyon, France) consists of a treatment and a control 
module (Figure 3.3). The treatment module includes 
a bed for positioning the patient, the HIFU generator, 
the HIFU probe with an integrated cooling system, and 
a robotic positioning system for the probe. Integrated 
in the HIFU probe are a separate 3-MHz treatment 
transducer and a 7.5-MHz imaging transducer. The 
treatment probe is focused at 45 mm from the crystal, 
which permits ablation to a maximum depth of 25 mm 
within the prostate. Depending on the treatment pro- 
tocol pulses of 4-5-second insonication are delivered 
in an automated manner interrupted by 4—7-second 
intervals. One to four overlapping target areas are de- 
fined and treated from the apex to the bladder neck, 
starting 5-6 mm proximal to the external sphincter. 
To reduce the risk of rectal injury the “safety distance” 
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between the rectal mucosa and the posterior border of 
the prostate is defined as 3-6 mm. 

The Sonablate 500® system (Focus Surgery, Indi- 
anapolis, Indiana, USA) consists of a console, a HIFU 
probe with an articulated arm and an integrated rec- 
tal wall cooling device (Figure 3.4). The HIFU probe 
has two 4-MHz transducers with focal distances of 
3 cm and 4 cm, which are mounted back to back. 


Fig 3.4 Sonablate 500 HIFU system. Console (left). Cooling 
device (right). HIFU probe with articulated arm (Top right). 
(Reproduced with permission from Focus Surgery, Inc.) See 
also plate 3.4. 
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They can be used alternatively by rotating the treat- 
ment head 180° within the probe depending on the 
prostate penetration depth required. Each transducer 
has a dual function, with the center segment being used 
for confocal real-time imaging and the periphery for 
treatment. Pulse duration is routinely 3 seconds inter- 
rupted by 6-second intervals, although the off time can 
be reduced to 3 seconds. Depending on prostate size 
and shape, treatment is performed in segments cover- 
ing the entire prostate, using the 4-cm transducer for 
the anterior and the 3-cm transducer for the posterior 
parts of the gland. As safety features the temperature 
at the rectal wall and the distance to the rectal wall are 
monitored continuously, with an automatic shut-off if 
safety limits are violated. 

For HIFU of the prostate, the HIFU probe is inserted 
into the rectum, with the patient in the dorsal litho- 
tomy position (Sonablate 500) or in a lateral position 
(Ablatherm). The transducer is covered by a condom, 
through which degassed, cooled water is circulated, 
cooling the rectal wall and eliminating acoustic in- 
terference between the transducer and the rectal mu- 
cosa. Multiple images of the prostate are taken and 
the treatment zones are defined (Figure 3.5). Large 
glands cannot be treated with the upper limit usually 
set at 40 mL, although the ultimate determining factor 
is the focal length of the probe. With the Ablatherm 
system, the maximum distance from the rectal wall 
to the most anterior part of the prostate can only be 
25 mm, whereas the focal length of the Sonablate 500 


Fig 3.5 Defining and monitoring treatment zones during 
the HIFU treatment of prostate cancer. (Reproduced with 
permission from Focus Surgery, Inc.) 
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can be up to 4 cm. The procedure is monitored contin- 
uously by ultrasonography and takes between 1 and 3 
hours. It can potentially be performed as an outpatient 
procedure but requires epidural or general anesthesia 
to reduce patient movement. Due to swelling of the 
prostate secondary to the thermal effects a urethral or 
suprapubic catheter is placed into the bladder and left 
in place for 1 to 2 weeks. If a transurethral resection 
of the prostate (TURP) is performed prior to the HIFU 
treatment the catheters can usually be removed after 
2 to 3 days. 


Primary prostate cancer 


Morbidity of primary HIFU with curative intent is 
generally low (Table 3.1). In a multicenter trial of 402 
patients treated with the Ablatherm system, catheters 
could be removed after a median period of 5 days, but 
12.2% of patients had prolonged retention or ure- 
thral strictures requiring interventions [43]. Uchida 
et al performed HIFU with the Sonablate system for 
curative therapy in 181 patients with organ-confined 
disease [44]. In this single-center experience only 0.6% 
of patients required TURP for urinary retention, but 
22% of patients needed urethral dilatation or urethro- 
tomy for a urethral stricture. Other morbidities ob- 
served in these two series were rectourethral fistula in 
1.2% and 1% of patients and temporary grade I stress 
incontinence in 10.6% and 0.6%, respectively. HIFU 
was repeated for positive biopsies in 28% and 13% 
of patients, respectively. Retreatment clearly increased 
the risk for complications. In a more recent series of 
223 patients treated with the Ablatherm system, Blana 
et al found urinary tract infection in 0.4%, chronic 
pelvic pain in 0.9%, infravesical obstruction needing 
TURP or urethrotomy in 19.7%, and stress inconti- 
nence in 7.6% (7.2% grade I, 0.4% grade II) after the 
first treatment. In 49 patients needing a second HIFU 
treatment for positive biopsies or biochemical pro- 
gression, the cumulative incontinence rate increased 
to 12.2%. Ahmed et al demonstrated a high stricture 
rate with use of a urethral catheter, but this dropped 
significantly when their practice changed to using a 
suprapubic catheter. They had no rectourethral fistula 
out of 172 men treated with a very high and encour- 
aging pad-free rate of 99.4% [70]. 

The effect of HIFU on erectile function is poorly 
documented due to poor reporting of function, usually 
without the use of validated questionnaire measures. 
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Fig 3.6 Screenshot of HIFU treatment planning with visualized neurovascular bundles. (Reproduced with permission from 


Focus Surgery, Inc.) 


Poissonnier et al reported complete loss of potency 
in 39% of 41 previously potent patients [45]. If the 
presumed location of the neurovascular bundles was 
not treated (“nerve-sparing HIFU”), erections were 
preserved in 18 (69%) of 26 patients (Figure 3.6). 
Blana et al reported a 49.8% impotence rate after one 
HIFU treatment and a cumulative rate of 55% after a 
second HIFU [46]. The UK series reported by Ahmed 
et al showed 30% impotence rate, although this was 
based on a minority of men who filled in validated 
questionnaires [64]. 

Table 3.2 summarizes published data on the ther- 
apeutic efficacy of HIFU, which is usually based on 
posttherapy PSA values and inconsistently on follow- 
up biopsies. The majority of patients in these series had 
low- to intermediate-risk cancers. If stratified accord- 
ing to preoperative PSA, Poissonnier et al reported a 
disease-free survival rate (defined as negative biopsy 
and absence of biochemical progression by ASTRO 
criteria) at 5 years of 90% in patients with a preop- 
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erative PSA <4 ng/mL, 57% for PSA 4.1-9.9 ng/mL 
and 61% for PSA >10 ng/mL [45]. Blana et al recently 
reported long-term outcomes after HIFU in 163 pa- 
tients with low- to intermediate-risk prostate cancer. 
Using the Phoenix definition (PSA nadir + 2 ng/mL) 
the 5-year disease-free survival rate was 66% [13]. The 
use of the Phoenix definition in the setting of HIFU 
might, however, be misleading since the Phoenix defi- 
nition was designed to define biochemical failure fol- 
lowing external beam radiotherapy. In contrast to all 
forms of radiotherapy, the PSA nadir is reached within 
6 months after HIFU. The nadir has been found to cor- 
relate significantly with treatment outcome. Ganzer 
et al evaluated the impact of the PSA nadir achieved 
within 8 weeks of treatment: <0.2 ng/mL (20 pa- 
tients), 0.21-1.0 ng/mL (25 patients), and >1 ng/mL 
(18 patients) correlated to 3-year disease-free survival 
rates of 100%, 74%, and 21%, respectively [47]. It 
seems that a high PSA nadir provides an early warning 
sign of disease recurrence. If an adequate PSA nadir is 
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not reached within 3—4 months, additional HIFU ther- 
apy or an alternative therapy should be considered. 
Nevertheless, a major advantage of HIFU in this sit- 
uation is that no bridges are burned and all forms 
of other curative therapy are still possible, albeit at a 
slightly higher complication rate [48,49]. Ahmed et al 
have used a definition of “no evidence of disease” 
combining histological and biochemical outcomes 
showing 92% were free of disease a median of just 
under 12 months follow-up. Although encouraging, 
this series suffered from short follow-up and lack of 
mandatory biopsies in all men undergoing HIFU [64]. 
Mearini et al showed 72% biochemical control by 
Phoenix criteria in 163 over a median follow-up of 24 
months [65]. 

Longer term data is now starting to emerge from 
the more experienced centers. Uchida has recently up- 
dated his results on 517 patients over a maximum 
follow-up of 8 years showing an overall success rate 
of 72% using Phoenix ASTRO criteria with low-, 
intermediate-, and high-risk groups at 5 years showing 
84%, 64%, and 45% success by this criteria, respec- 
tively (P < 0.0001) [66]. Blana et al reported on 8-year 
follow-up data showing a biochemical control rate of 
75% at Š years in 164 patients, who had undergone 
4.8 +/— 1.2 years of follow-up [37]. Blana et al have 
also attempted to define the optimal definition of fail- 
ure in men undergoing whole-gland HIFU. They have 
shown that PSA nadir plus 1.2 ng/mL seemed to best 
predict failure, although it remains to be validated in 
other cohorts [67]. 

An inherent problem of HIFU in treating prostate 
cancer is the limited penetration depth of the trans- 
ducer. Curative treatment is limited to prostates with 
a volume below 40 mL. The decisive factor is the max- 
imum anterior—posterior diameter, and with transduc- 
ers of shorter focal depth this cannot exceed 25 mm 
[50]. To overcome this problem combining HIFU ab- 
lation with TURP in the same procedure has been rec- 
ommended [32,50]. The reduction of prostate volume 
renders anterior parts of the prostate more accessible, 
especially when it is also flattened by compression with 
the transrectal balloon. With this approach, Poisson- 
nier et al [45] reduced obstructive complications after 
HIFU from 31% to 6%, and Chaussy et al [50] re- 
ported a need for second HIFU procedures in only 5% 
of patients. Others have used short-term hormonal 
deprivation to cytoreduce prostate volume, although 
this carries systemic side effects (albeit reversible) and 
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impacts on PSA measures after treatment even if the 
half-life is short. 


Focal therapy 


The rationale behind focal therapy is to minimize mor- 
bidity by treating only the cancer-bearing part of the 
prostate [68,69]. Early attempts were made by Mader- 
sbacher et al, who treated patients with one positive 
core in a unilateral palpable nodule and with an oth- 
erwise normal prostate on ultrasonography [8]. The 
lobe with the positive core and a surrounding “safety 
zone” were ablated by transrectal HIFU. The prostate 
was then removed by radical prostatectomy and ex- 
amined by whole-mount histology. The tumor was 
always correctly targeted, but due to unexpected tu- 
mor distribution, only three out of ten patients showed 
complete tumor ablation. The authors concluded that 
because of the unpredictable tumor location the entire 
prostate had to be ablated. Since that time advances 
in imaging and biopsy techniques such as template 
transperineal mapping permit a more reliable detec- 
tion of index cancers [51]. Phase II trials are currently 
ongoing and are expected to formally report soon, al- 
though early indications from conference proceedings 
is that genitourinary side effects are low (<5% erectile 
dysfunction, <5% pad-free incontinence, 90% cancer 
control at 1 year) [70]. The main problem currently 
lies in determining treatment failure. Since only part 
of the prostate is ablated, PSA fails as a surrogate 
marker, leaving only imaging techniques and repeat 
biopsy to detect recurrence. 


Recurrent prostate cancer 


Salvage HIFU for locally recurrent prostate cancer af- 
ter failure of curative surgery or radiotherapy seems 
appealing due to the ability to control lesion size and 
the good accessibility, but clinical experience is lim- 
ited. In a retrospective analysis of 72 patients treated 
with HIFU for recurrent or residual tumor after ex- 
ternal beam radiotherapy, negative biopsies were re- 
ported in 80% of patients at a mean follow-up of 
39 months and with a median nadir PSA of 0.10 ng/ 
mL [52]. Complications were significant, with 32% 
of patients developing grade II or II incontinence, 
30% a urethral stricture or bladder neck stenosis, and 
a rectourethral fistula rate of 6% [48,52]. The UK 
group based in University College London reported on 


43 


CHAPTER 3 


a smaller cohort of 31 men treated with whole-gland 
HIFU after external beam radiotherapy failure. They 
demonstrated a stricture or necrotic tissue retention of 
36%, UTI/dysuria syndrome of 26%. Pad-free incon- 
tinence was low at 94%, although the rectourethral 
fistula rate was 3%. 71% had no evidence of dis- 
ease but follow-up was short (median 9 months) [71]. 
For salvage HIFU after combined brachytherapy and 
external beam radiotherapy, even higher rates of rec- 
tourethral fistula formation have been reported, with 
as many as three out of five developing a rectourethral 
fistula [53]. Radiation therapy renders the anterior 
wall of the rectum considerably more vulnerable to 
injury, predisposing to rectourethral fistula. The use 
of transrectal biopsies to determine the presence of 
cancer in the radiotherapy treated prostate may also 
contribute to fistula formation. Thus, ablative treat- 
ments that utilize a perineal approach, such as cryoab- 
lation, may be more advantageous in this situation. 
This is not true for HIFU after failed radical prosta- 
tectomy. Chaussy et al performed HIFU 36 men who 
had undergone surgery and developed PSA progres- 
sion with biopsy proven recurrent tumor [50]. With 
a mean follow-up of 59.7 weeks, 74% had negative 
biopsies and 65% reached a PSA nadir of <0.5 ng/mL. 
Complication rates were not reported, but these re- 
sults suggest that salvage HIFU is a viable alternative 
to conventional therapies, particularly when the com- 
plication rates of other salvage options are considered. 


Renal tumors 


In contrast to radiofrequency ablation and cryoabla- 
tion, HIFU does not require puncturing the tumor, 
avoiding the high risk of hemorrhage or theoretical 
tumor spillage [54]. Ideally, this could be performed 
by an extracorporeal approach with a noninvasive ap- 
proach [55]. 

Two HIFU systems operating in the 1-1.8-MHz 
range have been tested for extracorporeal HIFU of 
kidney tumors. A Storz HIFU prototype device (Storz 
Medical AG, Kreuzlingen, Switzerland) utilizes a 1- 
MHz piezoelectric element with a focal point at 100 
mm using a parabolic reflector with a 10-cm aperture. 
The Chongqing HAIFU system (Chongqing Haifu 
Technology Co. Ltd., China) has exchangeable ellip- 
soidal therapeutic transducers of 12-cm or 15-cm di- 
ameter with frequencies of 0.5 MHz, 1.2 MHz, and 


44 


1.5 MHz. Both systems use a 3.5-MHz B-mode ultra- 
sound transducer integrated in the device for in-line 
imaging of the targeted area. 

Kohrmann et al reported partial remissions at ra- 
diological follow-up in 2 of 3 tumors treated with 
the Storz device. Marberger et al also observed tu- 
mor shrinkage with this technique and system at 
radiological follow-up in two patients, but residual 
tumor was detected at histological examination of 
the targeted tumor zone in all 14 patients in whom 
the tumor was removed after HIFU [26] (Figure 3.7). 
Hacker et al observed similarly insufficient results, 
with no correlation between energy administered and 
lesion achieved [27]. Experience with the Chongqing 
device was similar—radiological follow-up suggested 
some efficacy, but histological confirmation consis- 
tently documented insufficient ablation [25,56]. Pos- 
sible explanations for the disappointing results are 
the respiratory movement of the kidney and complex 
acoustical interphases between transducer and target. 
Attempts to limit target movement by controlling ven- 
tilation during general anesthesia have proven unreli- 
able [26]. Target mobility also renders MRI thermom- 
etry too unreliable with the present systems [57]. The- 
oretically, movement of the target can be corrected 
by using multichannel focused ultrasonic systems and 
multiprobe systems of small-aperture confocal HIFU 
transducers. These options are currently being studied 
experimentally, but have not reached clinical evalua- 
tion at this time [41]. 

The problems with target mobility and multiple 
acoustic interphases are avoided if the transducer is 


Fig 3.7 HIFU lesion in normal parenchyma of a human 
kidney (kidney exposed surgically, 4-MHz, 3.5-cm trans- 
ducer, site intensity 1650 cm2, targeted lesion 10x10 mm). 
(Reproduced with permission from Department of Urology, 
Medical University Vienna) 


brought directly to the target by laparoscopic HIFU 
(Figure 3.8). A laparoscopic HIFU probe (Sonatherm, 
Misonix Inc, Farmingdale, NY, USA) has recently un- 
dergone first clinical testing. It consists of a 4-MHz 
transducer with a 30 mm x 13 mm aperture and 35- 
mm focal length, which can be brought directly to 
the tumor through an 18-mm port. Real-time imag- 
ing of the target area in two planes is provided with 
an integrated single-element, 12-mm diameter imaging 
transducer aligned confocally with the therapy trans- 
ducer. Insonication is performed in a continuous 
mode, with a maximum treatment depth of 3 cm. 
Paterson et al evaluated a prototype in a porcine 
model [58]. Twelve of 13 kidneys showed homoge- 
neous, complete coagulative necrosis throughout the 
entire target lesion with sharp demarcation to adja- 
cent normal tissues [58]. Klingler et al tested the de- 
vice in a phase I clinical trial [10]. In the first two 
patients, a defined target lesion was placed within 
the tumor prior to nephrectomy. Histological eval- 
uation showed complete irreversible thermal damage 
within the tumor corresponding in position and size 
to the target. Subsequently, small renal masses with 
a mean diameter of 2.2 cm (range 1.1-4.0 cm) were 
completely ablated and then removed by laparoscopic 
partial nephrectomy. Histology showed complete de- 
struction of the tumors in four patients. Two of the 
tumors showed a 1-3-mm rim of viable tumor at the 
surface of the tumor immediately adjacent to the trans- 
ducer. Obviously, the transducer was too close to ob- 
tain sufficient site intensity at this location. By keeping 
the transducer >7 mm from the tumor, this problem 


Fig 3.8 Intraoperative setup with 
laparoscopic HIFU probe in place 
(center), HIFU treatment unit (left), and 
laparoscopic ultrasound probe (right). 
(Reproduced with permission from 
Department of Urology, Medical 
University Vienna) 
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was subsequently avoided. Only one tumor showed 
central areas of vital tissue (i.e., skip lesions), corre- 
sponding to about 20% of the tumor volume. No in- 
tra or postoperative complications or side effects were 
observed. 


Bladder tumors 


HIFU therapy for the treatment of superficial blad- 
der tumors has only been described by a single group, 
and data on this approach are limited. Vallencien et al 
used the Pyrotech system (EDAP Company, Croissy 
Beaubourg, France) with a 1-MHz generator and 16 
piezoelectric elements with a fixed focus at 32 cm 
[59,60]. A phase II study included 20 patients with 
superficial bladder tumors (3 cm? mean treated tu- 
mor volume) [61]. The procedure was performed un- 
der general or spinal anesthesia. Overall, 15 patients 
(75%) had a normal urinary cytology and cystoscopy 
at 1 month. At 1 year, 33% of the patients had recur- 
rent tumors. Of note, two patients sustained moderate 
skin toxicity, and one patient developed acute urinary 
retention after HIFU. The procedure took longer than 
standard TUR and still required anesthesia. 

HIFU ablation may not prove to be a feasible op- 
tion for the treatment of bladder tumors due to the 
multiple acoustic interphases between tumor tissue 
and urine as well as difficulty accessing the bladder 
with an ultrasound probe. In addition, ablating a hol- 
low organ with HIFU has additional challenges of 
causing perforation that can necessitate a laparotomy. 
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Fig 3.9 Intraoperative setup with HIFU probe in place 
(right). The testis is held in place with a retractor (left). 


Testicular tumors 


Testicular tumors are appealing for HIFU ablation be- 
cause they can be perfectly visualized by ultrasonogra- 
phy, are easily accessed with few acoustic interphases, 
and lie within an organ of homogenous echogenicity. 
Clearly, HIFU ablation cannot be an alternative to or- 
chidectomy in the presence of a normal contralateral 
testis, but it may be a useful alternative in patients 
with bilateral testis tumors or a tumor in a solitary 
testis. Organ-sparing surgical excision of tumors car- 
ries a considerable risk of irreversible loss of endocrine 
function and in this situation Madersbacher et al [12] 
first showed the efficacy of HIFU ablation. With the 
patient in the supine position, the treatment probe of 
the previous Sonablate 200 system was approximated 
to the scrotum, which was immersed in degassed wa- 
ter. Using a very similar approach as in transrectal 
HIFU of the prostate, the entire tumor with a safety 


margin of 5 mm was insonicated with a 4-second- 
on/12-second-off mode (Figure 3.9). 

In a phase I trial, four patients with prostate can- 
cer were subjected to transcutaneous HIFU therapy of 
the testis prior to scrotal orchiectomy. Homogeneous 
severe thermal damage consistent with complete co- 
agulative necrosis was obtained within the entire tar- 
get zone. Subsequently, four patients with a testicular 
tumor in a solitary testis were treated with transcuta- 
neous HIFU with curative intent. All patients had lost 
the contralateral testis for cancer and were assumed 
to have carcinoma in situ in the remaining testis, and 
prophylactic irradiation of the testis with 18-20 Gy 
was performed 6 weeks following HIFU. No com- 
plications other than one superficial skin burn were 
observed, and no patient needed testosterone substi- 
tution. With a mean follow-up of 23.3 months, (range 
16-31 months) only one patient who had refused 
post-HIFU irradiation developed a recurrent tumor. 
This was at a different site than the original tumor 
and clearly represented a de novo lesion. Kratzik et al 
added three more patients and reported long-term re- 
sults with a mean follow-up of 42 months (range 3 
to 93 months) (Figure 3.10). All six patients who 
had HIFU ablation of their tumor and prophylactic 
irradiation remained free of tumor recurrence, needed 
no testosterone substitution, and maintained normal 
sexual function and libido [62]. 


Future directions 


The most important factors for successful HIFU 
treatment are imaging and guidance. Current HIFU 


Fig 3.10 Scrotal ultrasound with Duplex pre (left) and 48 hours post (right) HIFU treatment. 


systems utilize ultrasonography and MRI for targeting 
and monitoring the success of therapy. Unfortunately, 
the ability to monitor temperature with ultrasonog- 
raphy is not yet possible. MRI is more expensive but 
has the distinct advantage of providing precise temper- 
ature monitoring at the focal point within seconds af- 
ter HIFU exposure. New MRI and 3D-ultrasound sys- 
tems represent the future of HIFU, and refinements in 
HIFU devices as well as improvements in imaging tech- 
niques are expected to improve cancer control while 
reducing side effects and complications. However, fur- 
ther studies and long-term data will be necessary be- 
fore the widespread use of HIFU can be recommended. 


Conclusions 


HIFU has been proposed as a noninvasive treatment 
for malignant tumors. Early reports including recent 
long-term studies suggest that this ablative technol- 
ogy provides appropriate oncological control with low 
morbidity. HIFU is based on ultrasound, and there- 
fore, the same limitations apply. In particular, prob- 
lems with acoustic shadowing, target movement, and 
monitoring for therapeutic failure remain challenging. 
Extracorporeal treatment of renal masses has shown 
unsatisfactory results because of the acoustic complex- 
ity of intervening structures and mobility of the kid- 
ney. For renal masses, the difficulties with respiratory 
movement and interphases have been avoided by using 
laparoscopic HIFU transducers. 

With respect to homogeneous, nonmoving organs, 
HIFU achieves excellent tissue ablation with millime- 
ter accuracy and minimal damage to intervening struc- 
tures. Thus, prostate cancer and testicular cancer are 
optimal tumors for HIFU therapy. In patients with 
low-risk prostate cancer, primary HIFU treatment ap- 
pears to be an alternative to active surveillance pro- 
tocols as well as in men who are not candidates for 
surgery. 
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Prostate cryotherapy 


The origins of cryotherapy can be dated back to the 
1840s when scientists first administered salt solutions 
with crushed ice to freeze tumors of the breast and 
cervix [1]. They found that it led to tumor shrink- 
age and reduced drainage while providing local pain 
control. Throughout the latter part of the nineteenth 
and early twentieth century, cryosurgery gradually 
evolved with more complex cooling agents being de- 
veloped, specifically liquid nitrogen. With the emer- 
gence of this new technology, the first application of 
cryosurgery for the prostate was introduced in the mid 
1960s [1]. Gonder et al developed a liquid nitrogen 
cooled transurethral probe that was used to administer 
cryotherapy for prostate cancer and benign prostatic 
hyperplasia [2] Several years later, in the 1970s Flocks 
et al described an open perineal approach to freezing 
the prostate [2,3]. These procedures were done us- 
ing a finger in the rectum to guide the surgeon, and 
there was little control over the freezing process lead- 
ing to high complication rates from rectourethral fis- 
tulas and incontinence. Prostate cryosurgery therefore 
fell out of favor until the early 1990s when transrec- 
tal ultrasound (TRUS) monitoring became available 
along with the use of a urethral warmer to protect the 
urethra from subzero temperatures. 

With the use of TRUS monitoring, the size of the ice- 
ball could be estimated based on acoustic shadowing, 
and this improved control minimized exposure of the 
rectum and bladder to the extremely low temperatures 


[4] Another technological advancement was the ability 
to place multiple cryoprobes under ultrasound guid- 
ance to allow maximal freezing of the prostate [4,5]. 
These so-called second-generation cryosystems with 
TRUS guidance, real-time monitoring of the freezing 
process, multiple cryoprobes, and use of a urethral 
warmer led to markedly decreased complication rates 
compared to the first-generation cryosystems and her- 
alded in a resurgence of this therapeutic option. 

In 1996 the American Urology Association recog- 
nized prostate cryotherapy as a therapeutic modal- 
ity for the treatment of clinically localized prostate 
cancer. Shortly following this endorsement, a new 
era of technological advancement further improved 
prostate cryotherapy. The third-generation cryosys- 
tems featured a new method of cooling using Argon 
gas as opposed to liquid nitrogen. The scientific prin- 
ciple (known as the Joule-Thompson effect) is based 
on extreme temperature changes experienced by inert 
gases as they undergo rapid expansion from a pres- 
surized to an unpressurized state. In the case of the 
third-generation systems, when pressurized Argon gas 
reaches the tip of the cryoprobe and becomes depres- 
surized the temperature falls rapidly to approximately 
—200°C. The ability to defrost and also to better con- 
trol the freezing process is provided by Helium gas, 
which, in contrast to Argon, heats up as it becomes 
depressurized on reaching the tip of the cryoprobe. 

Prior generation devices utilized probes that were 
2.4-3 mm in size, but the use of gas cooling al- 
lowed the cryoprobes to be much smaller for the 
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third-generation systems — on the order of 17 G or 
1.5 mm [6]. These ultrathin probes can be placed 
percutaneously into the prostate using a perineal 
grid and TRUS guidance with little difficulty. Third- 
generation systems are also equipped with thermocou- 
ple probes that allow for real-time temperature moni- 
toring. These are useful in controlling the temperature 
at the periphery of the iceball and to prevent freezing 
of the rectum, urethra, and bladder. Thermocouples 
also ensure that the maximum amount of freezing is 
occurring in the appropriate areas, with the lethal tem- 
perature for cancer cells being —40°C. Finally, the use 
of computer software has allowed surgeons to create 
isothermal maps that allow preoperative planning for 
the freezing process. The result is maximum exposure 
of the prostate to lethal low temperatures with mini- 
mal damage to the surrounding structures. 


Pathophysiology 


The principles of cryobiology are based on the use 
of extreme low temperatures (-40°C) to cause cellu- 
lar damage and apoptosis. The mechanism by which 
cellular damage and apoptosis occurs is multifacto- 
rial [7]. During the process of freezing, there is di- 
rect cellular damage caused by dehydration, ice crys- 
tal formation, and disruption of the cell membrane 
[8]. Another contributing factor is vascular injury and 
stasis of blood flow, which then leads to ischemia and 
necrosis [8,9]. The temperature and duration of freez- 
ing are directly proportional to the amount of cellular 
damage. Lower temperatures and longer duration of 
freezing (i.e., hold-time) are more lethal [10-12]. At 
the point of freezing, there are two compartments for 
ice formation: extracellular and intracellular. Extra- 
cellular ice forms first due to the protective effect of 
the cell membrane, which slows intracellular ice for- 
mation. Solute precipitation in the extracellular fluid 
leads to a change in the osmotic gradient and cellular 
dehydration, which initiates membrane rupture [8]. 
Continued exposure to freezing temperatures leads to 
intracellular ice formation wherein ice nucleates in the 
cell and DNA damage occurs. However, the complete 
mechanistic role of intracellular ice has not been com- 
pletely elucidated. Controversy remains as to whether 
or not this is an actual lethal event or a result of cell 
death [7-9]. 

In addition to the direct lethal effects of ice for- 
mation on the target cancer cells, there is mechanical 
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injury to the vascular endothelium that disrupts blood 
flow to cells. Injury to the microvasculature is believed 
to play an important role in the success of cryotherapy 
via both immediate and delayed effects [8]. Immediate 
effects of microvascular damage by cryotherapy result 
from direct effects on the endothelial cells followed by 
vessel wall leakage [13,14]. The compromised blood 
flow causes a lack of nutrient and oxygen supply to 
the tumor cells and ultimately, apoptosis. The delayed 
effects of vascular injury from cryotherapy are a re- 
sult of necrosis following thawing and reperfusion [8]. 
Studies using the tissue engineered from AT-1 prostate 
cancer cells lines demonstrate that after cryotherapy, 
necrosis develops within 3 days [15]. Hyperperfusion 
that occurs upon thawing can enhance cellular dam- 
age due to the high oxygen delivery leading to the 
formation of harmful free radicals that are destructive 
to the cellular lipid membranes [7]. In addition to di- 
rect cellular injury and vascular stasis, theories have 
been proposed that suggest that an immune response 
to cryoinjury may cause cell death, although this is not 
completely understood [8]. 

The nadir temperature during cryotherapy is the 
main determinant of therapeutic efficacy. At temper- 
atures of —15°C and below, cell death becomes pro- 
gressive and at —30°C, the majority of cells are dead 
[9]. In vitro studies have demonstrated that at the crit- 
ical freezing temperature of —40°C, LNCaP prostate 
cancer cells have significantly decreased viability and 
a diminished ability to regrow in culture after thawing 
[16]. Furthermore, these studies showed that a double 
freeze thaw cycle is much more effective than a single 
freeze thaw cycle. These experiments clearly demon- 
strate that lower temperatures, even beyond —40°C 
increase the degree of cell death. However, due to 
the proximity of the rectum and bladder, as well as 
the urethral margins, the clinically safe and efficacious 
thermal limit has remained at —40°C. Other technical 
parameters are varied during prostate cryotherapy in 
order to enhance the lethality of freezing. Specifically, 
the rate of freezing, the number of freeze thaw cycles, 
the rate of thawing, and the duration of freezing are all 
secondary parameters that have an effect on cell death 
and can easily be manipulated during the procedure 
to maximize ablation [9]. 

The histopathological changes that occur after 
prostate cryosurgery are mainly the result of coagu- 
lative necrosis from freezing, and this is confined to a 
radius of approximately 6 mm around the cryoprobe 
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Fig 4.1 Histopathological changes seen after prostate cryotherapy. (a) Gleason 6 (3+3) adenocarcinoma of the prostate and 


(b) postcryo coagulative necrosis. 


[17]. (Figure 4.1) A thin peripheral zone around the 
primary cryogenic lesion, referred to as the freeze mar- 
gin, is the border between dead tissue and viable cells. 
This region is slightly within the edge of the iceball that 
is seen on TRUS monitoring (Figure 4.2). The temper- 
ature in this zone just outside of the freeze margin 
can range from 0°C to —20°C and in this area, some 
cells may survive. Therefore, the ability to monitor 
the freezing process and advancement of the iceball in 
real time has been a critical factor for good oncologi- 
cal outcome. 


END OF FIRST FREEZE 


Fig 4.2 Edge of iceball (arrow: thin white line) and extent 
of freezing after first cycle. 
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Operative technique 


Patient Selection 

Suitable patients for primary prostate cryotherapy are 
those with organ-confined disease since this is a lo- 
cally ablative treatment modality. A standard 12-core 
TRUS biopsy of the prostate is suitable for most 
cryotherapy candidates except those in whom focal 
therapy is being considered. For focal ablation, pa- 
tients are considered candidates who have low volume 
disease on saturation biopsy and the cancer is confined 
to a single lobe of the prostate. The ideal patients 
are those with low-risk features (PSA <10 ng/mL, no 
Gleason pattern 4 or 5) and who are desirous of focal 
therapy [18]. In these cases, we routinely perform a 
saturation biopsy with at least 12 cores on the con- 
tralateral side of the cancer, although others recom- 
mend template transperineal mapping biopsies with a 
5-mm sampling frame. 

Prostate volume is an important factor to consider 
in patient selection for primary and salvage whole- 
gland therapy, as the ability to achieve uniform freez- 
ing of the entire gland is critical to oncological suc- 
cess. In patients with a large gland (>60 mL), we 
prefer to use neoadjuvant hormone therapy with an 
LHRH agonist such as leuprolide depot for 3 months 
to cytoreduce the prostate in order to achieve max- 
imum therapeutic efficacy with cryotherapy. Recent 
data from the radiation oncology literature has re- 
vealed that long-term use of hormones is associated 
with an increased risk of cardiotoxicity and all-cause 


mortality, and therefore special consideration should 
be given to cryotherapy patients with preexisting car- 
diac conditions and large prostates volumes prior to 
initiating androgen deprivation therapy [19]. 

In general, there are few absolute contraindications 
to prostate cryotherapy. Patients who have a history 
of gastrointestinal fistulas (from inflammatory bowel 
disease), urethral stricture disease, or prior urethro- 
plasty, and those with severe radiation proctitis and 
radiation-induced hemorrhagic cystitis, should not be 
considered for cryotherapy. These are at high risk of 
developing rectal pain, irritative voiding symptoms, 
recurrent fistulas, and strictures. Prior transurethral 
resection of the prostate (TURP) is a relative con- 
traindication due to risk of urethral sloughing as well 
as the possibility of either retention or incontinence. 
When evaluating these patients is it important to per- 
form a TRUS prior to performing the cryoablation 
to ensure there is enough tissue to ablate and that 
the TURP cavity is not too large. In addition, assess- 
ment of urethral length should be performed, as those 
patients with a prior TURP or laser resection of the 
prostate may have a shortened urethral length (<3 
cm), which may increase the risk of the iceball ex- 
tending into the urinary sphincter [20]. Patients with 
significant rectal pathology or abdominoperineal re- 
section are unable to undergo real-time TRUS guided 
monitoring, and therefore are at a higher risk for poor 
outcomes and complications. 


Equipment 

Trus Ultrasound monitoring is critical to the suc- 
cess of cryotherapy, and advances in this technology 
have provided excellent resolution for visualization of 
the iceball during the procedure. The standard TRUS 
probe (7.5 MHz) used for prostate biopsy is utilized 
during cryosurgery. The ability to switch between the 
sagittal and transverse planes is important for probe 
placement as well as monitoring. The edge of the ice- 
ball appears as a thin white line preceded by a hy- 
poechoic area on the ultrasound monitor (Figure 4.2). 
This margin can be used to judge the extent of the 
freezing process and prevent damage to bladder, ure- 
thra, and rectum, which can also be seen on TRUS. 
However, this does not give any indication of the tem- 
perature in that region. Doppler ultrasound may be 
used to demonstrate vascular stasis during freezing 
and can help to delineate the neurovascular bundles 
(Plate 4.1). 
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Brachytherapy grid A brachytherapy template grid 
is used as a guide for needle insertion during the 
procedure. The letters on the grid allow for pre- 
cise transperineal needle placement under ultrasound 
guidance (Figure 4.3). The use of the grid and the 
brachytherapy-style stepper has allowed the needles 
and thermocouples to be kept stable during the 
procedure. 


Needles, probes, and thermocouples Currently, there 
are two commercially available systems in the United 
States that have Food and Drug Agency (FDA) ap- 
proval for prostate cryosurgery. One employs the use 
of 17G cryoablation needles (Galil Medical Inc, Arden 
Hill, MN) (Figure 4.4) and the other uses 2.4 mm cry- 
oprobes (Healthtronics, Austin TX). The Healthtron- 
ics system has the advantage of varying the length of 
the iceball along the cryoprobe by adjusting a knob 
on the handle. Both of these systems use argon gas to 
generate lethal ice, as well as helium for the thaw 
process. In addition to the freezing needles/probes, 
there are now commercially available thermocouples 
that measure temperature along the length of the nee- 
dle (MTS™: Galil Medical Inc, Arden Hill, MN) 
(Plate 4.2). 


Urethral warmer After insertion and correct place- 
ment of the needles is confirmed, a urethral warmer 
(similar to a Foley catheter) is placed. This consists of a 
closed fluid circuit that cycles saline at 42°C through 
the catheter to maintain warm temperatures in the 
urethra during the procedure (Plate 4.2). 


Computer simulation In order to help guide new 
cryotherapy users, there are commercially available 
systems that allow the surgeon to overlay the image 
of the prostate on ultrasound into a computer plan- 
ning software (Figure 4.5). The software allows for 
patient specific freezing simulation and isotherm mod- 
eling prior to the actual procedure (Figure 4.6). The 
surgeon can monitor the temperature using the visual 
isotherm map in real-time to ensure adequate freezing 
of targeted areas. The two currently available cryosys- 
tems have similar features (Figure 4.5). 


Surgical Technique 

After induction of general or spinal anesthesia, the pa- 
tient is placed in the dorsal lithotomy position. This al- 
lows good exposure and access to the perineum while 
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Fig 4.3 Brachytherapy grid (arrow) 
placed in position against perineum 
for needle placement. 


Fig 4.4 (a) IceRod™ cryoneedles 
(Galil Medical Inc, Arden Hill, MN); 
(b) ice formation ex vivo on 

(b) cryoneedle. 
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Fig 4.5 Available cryoablation systems for operative planning and real-time monitoring of freezing process: (a) Precise 
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TM 


Cryoablation system (Galil Medical Inc, Arden Hill, MN) and (b) Cryocare CS™ (Endocare/Healthtronics, Austin TX). 


permitting placement of the thermocouples and cry- 
oneedles. The 17G cryoablation needles are placed 
<20 mm apart (Figure 4.7). The needles are placed 
10 mm away from the urethra and at least 10 mm 
from the posterior surface of the prostate capsule (Fig- 
ure 4.7). For focal cryotherapy, since the NVB on the 
treated side will be intentionally ablated, the cryonee- 
dles should be positioned within 10 mm from the lat- 
eral capsule. 

Based on cryoneedle placement for conventional 
whole-gland therapy, a standard prostate measur- 
ing >3 cm in width and weighing approximately 
45 mL typically requires eight cryoneedles for effective 
whole-gland ablation (Figure 4.7). For focal cryoabla- 
tion, the standard needle configuration for unilateral 
nerve-sparing cryoablation will require four cryonee- 


dles (i.e., for ablation of one side of the gland it will 
be the standard template for the 8 needle configu- 
ration placed in half the prostate) (Figure 4.8). An 
additional cryoprobe may be necessary for prostates 
of estimated TRUS volume between 45-60 mL. Simi- 
larly, for smaller prostates of estimated volume 20-30 
mL, the operator may need to use fewer needles. These 
decisions are based on the necessity to maintain ap- 
propriate distances between adjacent cryoneedles and 
anatomic structures. The final dose can only be formu- 
lated based on the configuration of the prostate that 
is to be treated at the time of treatment. 

The Precise™ Cryoablation System (Galil Medical, 
Arden Hills, MN) utilizes the multipoint thermal sen- 
sor (MTS™) that is capable of measuring 4 simul- 
taneous temperatures, spaced 1 cm apart, along the 
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Fig 4.6 Precise™ Cryoablation system (Galil Medical, Arden Hill, MN) user interface for preoperative simulation and 


isothermal mapping. 


distal shaft of the thermocouple (Figure 4.9). MTS™ 
1 is placed 2 cm into the prostate parallel to and 5-10 
mm from the lateral edge of the urethra, thereby pro- 
viding the following temperatures: mid-gland, apex, 
periprostatic capsule, and urinary sphincter (from nee- 
dle tip to proximal shaft). During cryotherapy, all 
recorded temperatures are expected to be negative 
(<0°C) except the urinary sphincter, which should be 
targeted to remain >0°C. MTS™ 2 measures tem- 
peratures within Denonvillier’s fascia (the posterior 
capsule is expected to reach at least —20°C). MTS™ 
3 records the temperature of the NVB. It is positioned 
at the prostatic capsule or just exterior to it, postero- 
laterally where the NVB runs (this temperature is ex- 
pected to reach —20°C). During focal cryotherapy, 
MTS™ 4 can be used to monitor the temperature of 
the untreated NVB. So as not to cause probe induced 
injury to the spared NVB during focal cryotherapy, 
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the placement of this thermocouple is made just inside 
the capsule, posterolaterally where it is expected that 
the temperature will be near normal as this side will 
be untreated. 

Following placement of all cryoneedles and thermo- 
couples, cystoscopy is performed to see if any needles 
need to be repositioned and to ensure that none of the 
needles have inadvertently entered the urethra or blad- 
der. Following this, the urethral warming catheter is 
placed over a guidewire and water circulating at 42°C 
will continue for the duration of the procedure. Freez- 
ing proceeds from anterior to posterior because the ice 
completely absorbs ultrasound waves and it becomes 
technically difficult to visualize any structure behind 
the near margin of frozen tissue. In order to estimate 
the extent of freezing, the operator relies largely on 
the thermocouple readings, knowledge of the original 
cryoneedle placements, knowledge of ice generation, 


Fig 4.7 Ultrasound (a) and schematic diagram (b) demon- 
strating placement of cryoneedles for whole-gland cryother- 
apy: U, urethra; N, neurovascular bundle. 


and the location of the leading ice edge as visualized 
on ultrasound. 

As the freezing continues, the iceballs from each of 
the cryoablation needles coalesce so that the targeted 
portion of the prostate and close periprostatic tissues 
are frozen. Sonographic and thermocouple temper- 
ature monitoring are performed continuously during 
the procedure to ensure that the prostate is adequately 
frozen. Two freeze-thaw cycles are always utilized. Af- 
ter the first freeze, passive thawing is usually employed 
for two minutes to augment cell death. Following this, 
active thawing can be carried out until no ice is vis- 
ible on ultrasound. Only then will a second freeze 
be started. Following the second freeze, a brief active 
thaw (up to 5 minute) is used to loosen the needles 
before they are subsequently removed. Passive thaw- 
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Neeedle placement 


Fig 4.8 Ultrasound (a) and schematic diagram (b) demon- 
strating placement of cryoneedles for focal cryotherapy: U, 
urethra; N, neurovascular bundle. 


ing completes the melting of ice. Ultrasound images 
are then recorded in the transverse and longitudinal 
planes showing the greatest extent of freeze. On the 
transverse view, the medial extent of the ice must en- 
compass all treated tissue up to or slightly (<5 mm) 
beyond the midline urethra. Lowest temperatures 
achieved per freeze cycle are recorded by the MTS™. 

After the procedure is terminated and the cryonee- 
dles are removed, direct digital pressure is held on the 
perineal puncture sites for 3-5 minutes. To protect 
the urethra from latent freezing by the remaining ice- 
ball, the urethral warmer will not be removed until at 
least 10 minutes following the completion of the sec- 
ond freeze. Following removal of all needles and the 
urethral warming catheter, a urethral Foley catheter or 
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Denonviller's fascia 
(a) 


(b) 


Fig 4.9 Thermocouple placement for monitoring of tem- 
perature during freezing. (a) Schematic view of transverse 
section and (b) schematic view of coronal section. U, ure- 
thra; N, neurovascular bundle. 


suprapubic catheter is placed for bladder drainage and 
a gauze pressure dressing is applied to the perineum. 


Postoperative Management 

Patients are given 5 days of a flouroquinolone an- 
tibiotic, as well as started on an alpha-blocker, for 
at least 3-4 weeks. In addition, all patients are dis- 
charged home the same day with a Foley catheter for 
5-7 days after a complete gland ablation. In the case of 
a focal ablation, the catheter remains for only 3 days. 
Patients are seen up to a week after the procedure and 
then given an active trial of void in the office. Rarely, if 
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the residual volume on bladder scan following voiding 
is more than 200 mL the Foley can be reinserted for 
several additional days, or the patient can be taught 
self-intermittent catheterization. This is uncommon. 
PSA evaluation is performed 3 months after the initial 
procedure and then continued every 3 months for 2 
years. For patients undergoing focal cryoablation, it 
is recommended that a repeat prostate biopsy be per- 
formed at 1 year or when there is evidence of a rising 
PSA to ensure that the side ablated has no residual 
cancer, and at the same time evaluate the contrateral, 
untreated side. 


Primary cryotherapy 


Prostate cryotherapy has been approved as a treatment 
by Medicare in both the primary and salvage settings. 
As a primary treatment, men who have low-risk dis- 
ease (PSA <10 ng/mL, Stage <T2, Gleason < 7) are 
considered ideal candidates for total gland ablation. 
One of the advantages of cryotherapy is that this pro- 
cedure has not been associated with any blood loss 
or fluid shifts, and therefore patients with consider- 
able comorbidities such as congestive heart failure or 
pulmonary disease that preclude major surgery gener- 
ally fit into the category of patients who receive pri- 
mary cryotherapy. Oncological success after cryother- 
apy varies depending on the definition of biochemical 
recurrence. Currently, there are two accepted defini- 
tions: the American Society of Therapeutic Radiation 
Oncology (ASTRO) criteria of 3 consecutive PSA rises 
3 months apart after a nadir PSA and the ASTRO- 
Phoenix criteria that define failure as a rise in PSA of 
2 points above the nadir value (“nadir plus 2”). 
Though long-term, randomized, controlled data are 
limited, published 10-year biochemical disease free 
survival (bDFS) rates of 56-62% have been reported 
based on various definitions of biochemical failure 
(ASTRO vs. Phoenix) [21]. As expected, low-risk pa- 
tients have significantly higher bDFS rates (80.56%) 
compared with intermediate- and high-risk patients 
(74.16% and 45.54%, respectively) [21]. A retro- 
spective analysis of 590 patients undergoing primary 
cryotherapy with 7 years of follow-up reported bDFS 
rates of 87%, 79%, and 71% using a PSA cut-off of 
<1.0 ng/mL for high-, medium-, and low-risk patients 
[22]. However, with the ASTRO definition, bDFS 
increased to 92%, 89%, and 89% for those same 
risk groups. With the advent of improved technology, 
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Table 4.1 Biochemical disease free survival (bDFS) rates for contemporary primary cryotherapy series. 


Number of | Follow-up Median Pretreatment 
Reference patients (mos) clinical stage PSA (ng/mL) Overall bDFS Criteria 
Jones et al [23] 1198 24.4 T2a 9.6 77% (5 year) ASTRO 
Cohen et al [21] 204 144 T2 9.3 56% (10 year) ASTRO 
62% (10 year) ASTRO-Phoenix 
Long et al [24] 975 24 T2 _ 63% (5 year) threshold PSA <1.0 
52% (5 year) threshold PSA <0.5 
Bahn et al [22] 590 68 T2 - 89.5%(7 year) ASTRO 
76%(7 year) threshold PSA <1.0 
Hubosky et al [25]? 89 11 Tle 11.8 94% (1 year) ASTRO 
70% (1 year) threshold PSA <0.4 
Polascik et al [26]? 50 18 Tic 5.1 90% (at last threshold PSA <0.5 
follow-up) 
Cresswell et al [27]? 15 9 T2 60%(1 year) threshold PSA <0.5 
Han et al [28] 110 12 T2 - 73%(1 year) threshold PSA <0.4 


*Third-generation cryosystems only. 


results of primary cryotherapy are expected to 
improve. The majority of published studies report out- 
comes from a combination of new and older gen- 
eration cryotherapy systems, but results from only 
third-generation systems with longer follow-up will 
be available within the coming years. Emerging bDFS 
data from the contemporary series show modest re- 
sults in terms of efficacy despite short-term (<10 year) 
follow-up [21-28] (Table 4.1). 

Direct comparison to other primary treatment 
modalities, namely radical prostatectomy and radio- 
therapy is difficult due to the heterogeneity in the 
definition of biochemical failure between these ther- 
apies. While, the presence of a detectable PSA post- 
prostatectomy indicates disease recurrence, neither an 
optimal post-treatment nadir nor surveillance cut- 
off level has been established for cryotherapy [6]. 
Both the ASTRO and ASTRO-Phoenix definitions of 
biochemical failure can miss cancer recurrence after 
cryotherapy. 

In an attempt to compare two therapeutic modali- 
ties, Chin et al conducted a randomized trial of cryoab- 
lation to EBRT for locally advanced (T2C-T3B) 
prostate cancer [29]. The authors concluded that 
bDFS was less favorable for cryotherapy, but that 
there was no difference in disease specific or overall 


survival [29]. They also made note of the fact that the 
study and conclusions were limited by poor accrual 
(N = 64: 31 radiation therapy vs. 33 cryotherapy pa- 
tients) and short mean follow-up of only 37 months. 
In a larger study of cryotherapy versus external beam 
radiation therapy (EBRT), Donnelly et al random- 
ized 244 patients to either modality (122 cryother- 
apy and 122 EBRT) with a median follow-up of 
100 months. The primary endpoint was failure at 36 
months postrandomization [30]. Failure was defined 
as a trifecta of (1) biochemical failure, (2) radiolog- 
ical evidence of disease recurrence, and (3) the initi- 
ation of further prostate cancer treatment. Biochem- 
ical failure was analyzed in two ways: (1) nadir + 
2 ng/mL and (2) two consecutive rises above nadir 
PSA with failure occurring when a value >1.0 ng/mL 
was achieved. There was no significant difference in 
failure at 36 months using the nadir + two defini- 
tions of biochemical recurrence (17.1% cryotherapy 
vs. 13.2% EBRT) and, similarly there was no differ- 
ence using the second definition of biochemical re- 
currence as defined above (23.9% cryotherapy vs. 
23.7% EBRT). Interestingly, there was a significantly 
higher positive biopsy rate at 36 months for EBRT 
patients compared with cryotherapy patients (28.9% 
vs. 7.7%). However, there was no difference in 5-year 
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overall and disease-specific survival between the two 
groups. 

The cryo-online database (COLD) registry is a mul- 
ticenter database that was developed to standardize 
recording and improve outcome data for prostate 
cryotherapy. The registry incorporates information 
from 4 academic medical centers and 34 commu- 
nity urologists [23]. A total of 1198 patients who 
underwent primary whole-gland cryoablation have 
been registered [23]. Median pretreatment PSA was 
9.6 ng/mL, GS 7, and stage was T2 [23)]. Of these 
patients, 49.5% received neoadjuvant hormonal ab- 
lation. The 5-year bDFS for the entire group was 
77.1% using the ASTRO criteria and 72.9% using 
the ASTRO-Phoenix criteria [23]. When risk strati- 
fied as low-, medium-, and high-risk, the 5-year bDFS 
was 84.7%, 73.4%, and 75.3% (ASTRO) and 91.1%, 
78.5%, and 62.2% (ASTRO-Phoenix). While these 
data represent the largest combined experience for 
primary prostate cryotherapy, results should be inter- 
preted with the understanding that they represent mul- 
tiple different surgeons’ practices using both second- 
and third-generation cryosystems. 


Salvage cryotherapy 


Primary radiation therapy (RT) for localized prostate 
cancer has had similar results in comparison to radical 
prostatectomy with respect to long-term bDFS [31]. 
However, management of recurrence after radiation 
therapy usually requires ablative therapy or salvage 
surgery as this typically occurs within the gland, as 
demonstrated by positive post-treatment biopsy rates 
for prostate cancer ranging from 21% to 51% [32,33]. 
Salvage prostatectomy, even in experienced hands, is 


technically difficult and carries significant morbidity 
including: rectal injury (2%), urinary incontinence 
(23%), and anastomotic stricture (30%) [34]. In con- 
trast, salvage cryotherapy is less invasive and morbid 
and therefore may be a more acceptable alternative for 
patients who fail RT. This is demonstrated by stud- 
ies that report a lower incidence of complications in 
comparison to salvage prostatectomy, specifically in- 
continence rates of 3% and urethrorectal fistula rates 
of 2% [35]. In addition, survival for salvage cryother- 
apy is excellent with 97% of patients alive at 5 year(s) 
and biochemical failure rates ranging from 44% to 
59% [35,36]. 

The COLD registry for salvage cryotherapy re- 
ported on 5-year bDFS for 279 patients, which was 
59% using ASTRO criteria and 54.5% using Phoenix 
criteria [36]. Ismail et al reported their 5-year sal- 
vage therapy bDFS rates of 73%, 45%, and 11% for 
low-, medium-, and high-risk groups [37]. Given the 
locally ablative nature of cryotherapy, it is accepted 
that there may be viable tumor cells in the prostate 
after treatment particularly in the periurethral region 
where the urethral warmer protects the tissue from 
achieving the necessary lethal low temperatures. As a 
result, positive postsalvage cryotherapy biopsy rates 
range from 14.2% to 23% and may necessitate repeat 
salvage cryotherapy procedures [37-39]. The bDFS of 
the larger, more recent salvage cryosurgery series are 
shown in Table 4.2 [36,37,40,41]. 

As patients who recur after RT represent a high- 
risk population the use of androgen deprivation ther- 
apy (ADT) is widespread in this group. It is there- 
fore not surprising that the use of ADT in salvage 
cryotherapy series ranges from 8.2% to 32%, which 
will inevitably affect posttreatment biopsy rates as 


Table 4.2 Biochemical disease free survival (bDFS) rates for contemporary salvage cryotherapy series. 


Number of Follow-up Median Pretreatment 

Reference patients (mos) clinical stage PSA (ng/mL) Overall bDFS Criteria 

Pisters et al [36] 279 21.6 - 7.6 59% (5 year) ASTRO 
= 55% (5 year) ASTRO-Phoenix 
Ng et al [40] 187 39 T2 4.9 97% (5 year) ASTRO-Phoenix 
92% (8 year) ASTRO-Phoenix 

Ismail et al [37] 100 33.5 T2 5.4 55% (5 year) ASTRO 

Katz et al [41] 187 37 T2 5 73.3% (5 year) ASTRO 
Izawa et al [42] 131 S7 T2 - 40% (5 year) ASTRO-Phoenix 


60 


well as bDFS [36,40]. ADT in this setting is typi- 
cally used to treat possible micrometastases as most 
patients treated in the salvage setting have relatively 
small size glands, which do not need to be downsized 
to adequately freeze the prostate [43]. Depending on 
the timing and duration of ADT, it may make bio- 
chemical surveillance difficult especially in conjunc- 
tion with the confounding effects of prior radiation 
and cryotherapy-induced injury. Further studies are 
therefore needed to standardize duration and dose of 
ADT and surveillance criteria of patients undergoing 
salvage cryotherapy. 


Focal cryotherapy 


Further attempts to decrease morbidity with cryother- 
apy have led to the development of focal targeted 
cryoablation with the hope that intervention on only 
one half of the prostate may improve the side effect 
profile, particularly with regard to ED. Whole-gland 
cryotherapy is associated with a relatively high rate of 
ED compared to nerve-sparing radical prostatectomy; 
therefore focal targeted cryotherapy may be more de- 
sirable than whole-gland ablation in select patients 
[44]. Understandably, with bilateral, multifocal dis- 
ease the neurovascular bundle is adversely impacted as 
the iceball’s “kill zone” must extend just down to or 
beyond the prostatic capsule. However, given that cer- 
tain patients may demonstrate unilateral or unifocal 
disease on prostate biopsy, whole-gland ablation may 
be unnecessary [45]. With current TRUS techniques 
and biopsy sampling patterns, the surgeon’s ability to 
predict unilateral, unifocal cancer with just nine or 
more tissue cores may be sufficiently good. Therefore, 
in carefully selected low-risk (PSA<10, GS<7, stage 
T1 c) patients with unifocal, unilateral disease, focal 
cryoablation may have a role in treatment while pre- 
serving erectile function. 

Recent preliminary experience with focal cryother- 
apy has shown promising short-term efficacy with 
bDFS of 84% at 3 years of follow-up with over half of 
these patients potent posttreatment [46]. Onik et al re- 
ported that 94% of patients who underwent primary 
focal cryoablation had a stable PSA at 2 years and 
90% maintained potency [47]. Of the 48 patients, 24 
underwent routine biopsy at 1 year, all of which were 
negative [47]. In the largest published focal cryother- 
apy series to date (N = 60), Ellis et al reported slightly 
lower rates of potency and bDFS of 80.4% and 70.6% 
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after 15.4 months of follow-up, respectively [48]. Af- 
ter treatment, 35 patients underwent prostate biopsy 
of which 14 (40%) showed demonstrable disease, 
which resulted in a 23.3% overall positive biopsy rate 
[48]. These results indicate that further studies are 
needed to evaluate focal cryotherapy prior to its use 
as a standard treatment option. 

Biochemical surveillance following focal cryother- 
apy proposes a unique challenge because only one half 
of the gland is ablated. In our experience, we incor- 
porate the factor of hemiablation by assume that PSA 
production after treatment should fall by a similar per- 
centage of the gland that is ablated. Therefore, if the 
PSA after focal cryotherapy is reduced by more than 
50% of the preoperative PSA and remains below this 
threshold, then it is reasonable to assume that BCR 
has not occurred. 


Complications 


The major benefit to cryotherapy is the minimally in- 
vasive nature of the procedure. Initially, when cry- 
otechnology was introduced, there were significant 
concerns due to the high rates of rectourethral fistulas, 
incontinence, urethral sloughing, and erectile dysfunc- 
tion. However, with the technological advancements 
mentioned in the previous section there have been ma- 
jor improvements. 


Primary Cryotherapy 

Incontinence rates during the early era of cryotherapy, 
were noted to be as high as 83% [49]. In contrast, us- 
ing third-generation technology, Han et al reported 
good outcomes in a series of 106 patients who under- 
went primary cryotherapy with only 3% incontinence 
[50]. Other notable side effects in this series were: 5% 
urethral sloughing, 5% urge incontinence requiring 
no pads, 3.3% transient urinary retention, and 2.6% 
rectal pain [50]. None of these patients experienced 
rectourethral fistulas demonstrating marked improve- 
ment over historic series [50]. Even lower rates of 
urethral sloughing (2%) and incontinence (2%) have 
been reported in single institution experiences by us- 
ing only third-generation technology [25]. When com- 
pared to brachytherapy patients, cryosurgery patients 
had better urinary function after 18 months of follow- 
up and this difference was maintained up to two 
years after therapy [25]. The COLD database reported 
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Table 4.3 Complication rates for primary cryotherapy series using third-generation cryosystems only. 


Total Follow- 

no. of up Erectile Retention/ Urethral Urethral Perineal 
Reference patients (mos) dysfunction Incontinence Fistula Obstruction sloughing stricture pain 
Han et al [50] 106 12 87 3 - 5 0 6 
Hubosky et al [25] 89 11 _ 2 1 4 2 _ 6 
Polascik et al [26] 50 18 88 3.7 0 0 0 0 


incontinence rates of 4.8% for any leakage, and 2.9% 
for leakage requiring pad usage [23]. 

While it is possible to achieve good extension of the 
iceball into the prostatic capsule to allow maximal on- 
cologic efficacy, it is not possible to prevent damage to 
the neurovascular bundle. It is therefore not surprising 
that even with current technology the rates of erectile 
dysfunction after primary whole-gland cryotherapy 
are high and range from 49% to 93% [6]. Hubosky 
et al reported that sexual function was diminished af- 
ter cryosurgery, and the entire cohort only achieved 
20% return to baseline sexual function at 1 year 
follow-up [25]. In a prospective study of a small cohort 
of patients undergoing third-generation cryotherapy, 
Cresswell et al reported that 13/29 (45%) patients had 
ED after primary cryoablation despite having normal 
erectile function prior to the procedure [27]. Table 
4.3 shows complication rates noted among the most 
recent studies using third-generation cryotherapy sys- 
tems for primary therapy [25,26,28]. 

Rectourethral fistula formation after primary 
cryotherapy is rare and rates of 0-2.4% have been 
reported [6]. With improvement in technology, more 
recent series have demonstrated fistula rates of only 
0-1% [25,51]. Urethral sloughing is another feared 
complication and occurs when the prostatic urethra is 
exposed to freezing temperatures for prolonged peri- 
ods and then undergoes necrosis and ulceration. Pa- 
tients typically present with urinary retention and may 
eventually need to undergo transurethral resection of 
the necrotic tissue. In the recent COLD series, 2.1% 
of patients had to undergo resection of necrotic tis- 
sue for urinary retention caused by sloughing [23]. 
Data from older studies have demonstrated urethral 
sloughing rates after primary cryotherapy as high as 
23% [52]. The key to avoiding both fistula forma- 
tion and urethral sloughing is the use of thermocouple 
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monitoring and the urethral warmer. These instru- 
ments enable controlled freezing and minimal damage 
to vital anatomy, and have permitted us to achieve no 
incidences of either complications even in our earlier 
experience [53]. 


Salvage Cryotherapy 

Given the prior exposure to RT and the ensuing poor 
tissue viability and healing within the field of radi- 
ation, salvage cryotherapy has higher complication 
rates than primary therapy. While there may be a 
slightly increased risk of urinary tract infections, in- 
traprostatic abscesses, urethral sloughing, and urinary 
retention compared to primary cryotherapy, the major 
complications after salvage cryotherapy are still fis- 
tula formation, incontinence, and ED. The incidence 
of rectourethral fistulas is significant for salvage pa- 
tients and has been shown to be as high as 3.3% [54]. 
Data from the COLD database demonstrate fistula 
rates of 1.2%, but it should be noted that some of the 
patients in this series underwent treatment with older 
generation technology [36]. 

Incontinence rates after salvage cryotherapy ap- 
pear to be similar to primary therapy and for third- 
generation technology these rates are generally in the 
region of 4.7-17.5% [36]. Older salvage cryother- 
apy series had high incontinence rates from 73% to 
95% [55]. In a more recent experience, Ng et al have 
reported improvement in incontinence after salvage 
cryotherapy with published rates as low as 3% [40]. 

Postsalvage cryotherapy rates of ED are high despite 
the shift in technology, but this is due to the combined 
damage to the NVB from exposure to radiation ther- 
apy followed by cryoablation, and typically affects up 
to 90% of patients [56]. Another contributing factor 
to the high rates of ED is the use of hormone therapy 
along with radiation. However, the COLD registry 
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Table 4.4 Complication rates for modern salvage cryotherapy series. 


Total Follow- 

no. of up Erectile Retention/ Urethral Urethral Perineal 
Reference patients (mos) dysfunction Incontinence Fistula Obstruction sloughing stricture pain 
Pisters et al [36] 279 21.6 69.2 4.7 1.2 - = = = 
Ng et al [40] 187 39 = 3x 2 21 - - 14 
Ismail et al [37] 100 33.5 86 13 1 2 - _ 4 
Katz et al [41] 187 37 ú 9.7 0 1.9 _ = 12.8 


has published lower rates of impotence (69.2%) in- 
dicating better outcomes that are likely related to in- 
creased use of current technology that provides less 
exposure of the NVB to low temperatures [36]. Sal- 
vage cryotherapy in a series of 100 patients demon- 
strated ED rates of 86% overall indicating that while 
technology is improving, ED remains a significant 
side effect and patients should be counseled regarding 
the impact of sexual dysfunction on their quality of 
life [37]. A comparison of salvage cryotherapy mor- 
bidity among modern series of patients is shown in 
Table 4.4 [36,37,40,41]. 


Focal Cryotherapy 

Studies assessing the complications of focal cryother- 
apy are limited due to the relatively recent practice of 
this technique. This approach in theory spares the con- 
tralateral NVB and can potentially preserve erectile 
function. Early data demonstrate that after focal ab- 
lation in 40 preoperatively potent patients, 36 (90%) 
maintained potency after a single focal cryotherapy 
treatment [47]. In addition, no patients experienced 
incontinence and only 1 patient had urethral slough- 
ing requiring TURP [47]. Similarly, in a smaller group 
of patients with slightly more than 2 years follow-up 
from the Columbia University cryosurgery database, 
71% of patients were potent postoperatively out of a 
total 24 patients who reported preoperative potency 
[57]. Only 1 patient had retention, which resolved 
weeks postoperatively, and there were no occurrences 
of fistulas, incontinence, or pain [57]. While these data 
are encouraging with respect to the low morbidity of 
focal cryotherapy, larger series with longer follow-up 
are necessary to better evaluate this treatment as stan- 
dard therapy in unifocal, unilateral prostate cancer. 


Recurrence following cryotherapy 


One of the future challenges for cryotherapy is defin- 
ing an accurate method of assessing bDFS. The 1997 
ASTRO and 2006 ASTRO-Phoenix criteria have been 
used in RT to determine successful endpoints and 
define recurrence. However, cryogenically induced 
necrosis of the prostate may be different from that 
of radiation induced injury, and a more standard PSA 
endpoint based on cryotherapy should be developed. 
It is the variation in definition of biochemical failure 
in several cryotherapy studies that makes direct com- 
parison of results difficult. In our experience, we have 
typically considered a postoperative nadir PSA <50% 
of the initial PSA to indicate a successful cryoablation. 
However, different groups vary on their definition of 
an acceptable PSA nadir after cryotherapy. 

Levy et al performed a review of the COLD reg- 
istry to determine a suitable nadir PSA that corre- 
lates with biochemical failure (ASTRO-Phoenix in this 
case) after prostate cryotherapy [58]. They found that 
a nadir PSA of 0.6 ng/mL or more was associated 
with a 29.5% biochemical failure rate regardless of 
risk stratification. As a result, the authors concluded 
that a nadir PSA <0.5 is associated with more fa- 
vorable bDFS [58]. While posttreatment PSA values 
can help with surveillance, the presence of cancer on 
posttreatment prostate biopsy remains the definitive 
method for diagnosing recurrence. Izawa et al have 
shown that up to 1 year after salvage cryotherapy, 
positive biopsy rates are as high as 17% [39]. Chin 
et al have shown even higher positive biopsy rates of 
26% in their series of salvage cryotherapy patients 
[38]. Therefore, a biopsy should be considered in all 
patients suspected of having a recurrence based on 
acceptable PSA criteria. 
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Renal cryotherapy 


Renal tissue requires exposure temperatures at or be- 
low —19.4°C for cell death, although clinical practice 
tends to be cautious and freeze to temperatures at 
—40°C. If the collecting system is not directly punc- 
tured with the probe, there is usually healing without 
urinary fistulas—which may be an advantage over ra- 
diofrequency ablation (RFA), where there is a greater 
risk of urinary leakage. 

Four cryoablation manufacturers are existent at 
present with the Endocare (Irvine, California, USA), 
Galil Medical (Yokneam, Israel), Oncura (Arlington 
Heights, Illinois, USA), and Cryomedical Sciences 
(Rockville, Maryland, USA) systems. The first three 
use argon gas to cause rapid freezing at the probe 
tip, which is based on the Joule-Thomson effect. The 
Cryomedical Sciences device uses nitrogen and is used 
for prostate, and liver applications, and ot renal tu- 
mors. The recent development of third-generation cry- 
otechnology using argon/helium gas circulation and 
ultrathin 17-gauge needles has made the procedure 
somewhat less traumatic as it penetrates the renal 
capsule. This has also facilitated precision insertion 
of the cryoprobes into the tumor under intraopera- 
tive ultrasound guidance with multiple small probes 
placed into the tumor. This seems to minimize blood 
loss when the probes are removed compared to larger 
probes. 

Renal cryoablation can be performed laparoscop- 
ically or percutaneously. Surgeon preference and ex- 
perience determine the optimal approach since each 
route has advantages and limitations. Laparoscopic 
renal cryoablation offers the advantage of precise cry- 
oprobe positioning and monitoring of the iceball un- 
der real-time ultrasound as well as direct vision. As in 
the prostate, ultrasound demonstrates the iceball as a 
hyperechoic advancing area with a posterior acoustic 
shadow. Anterior or medial tumors can be difficult to 
target through a percutaneous route so are best ap- 
proached via the laparoscopic route. Percutaneous re- 
nal cryoablation is commonly performed with the use 
of CT guidance, but open gantry magnetic resonance 
imaging guidance is also possible. 

A meta-analysis conducted in 2008 evaluated forty- 
seven studies (1375 kidney lesions in total) treated 
by cryoablation or RFA [59]. Cryoablation was on 
the main performed laparoscopically (65%), whereas 
the vast majority (94%) of lesions treated with RFA 
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were carried out via the percutaneous route. The 
meta-analysis found no differences between ablation 
modalities with regard to mean patient age, tumor 
size, or duration of follow-up. However, pretreat- 
ment biopsy was performed significantly more often 
for cryoablated lesions (82.3%) compared to RFA 
(62.2%; p<0.0001). Unknown pathology occurred 
at a significantly higher rate for small renal masses 
that underwent RFA (40.4%) as opposed to cryoabla- 
tion (24.5%; p<0.0001). Repeat ablative intervention 
was required more often after RFA (8.5% vs. 1.3%; 
p<0.0001),and the rates of local tumor progression 
were significantly higher with RFA compared with 
cryotherapy (12.9% vs. 5.2%; p<0.0001). Metas- 
tasis was reported less frequently for cryoablation 
(1.0% vs. 2.5%; p = 0.06). Although this did not 
reach statistical significance there may be some clin- 
ical significance in the difference. It was not surpris- 
ing therefore that the meta-analysis concluded that 
cryoablation was better than RFA with respect to 
short-term parameters, such as tumor ablation, re- 
treatment, and local tumor progression. However, de- 
velopment of metastases and long-term survival are 
yet to be shown to be superior, and this area re- 
quires a large prospective multicenter randomized 
controlled trial that should also incorporate partial 
nephrectomy. 


Future directions 


Further investigation into the role of targeted focal 
cryoablation is of much interest with respect to inno- 
vations in the field. The ability to spare nerves while 
targeting only cancerous tissue has great potential for 
oncological control with minimal morbidity, and will 
be of great benefit to patients. Imaging modalities, 
such as MRI and 3D ultrasound are already under in- 
vestigation [60]. Studies of MRI-guided cryoablation 
have been performed in canine models and may po- 
tentially be used to follow the cryolesion over time 
after therapy [61]. 

While cryotechnology advances have paved the way 
in recent times, future scientific breakthroughs in im- 
munology and oncology may have promising roles 
for adjuvant therapy. In vivo studies combining 5- 
fluorouracil and cisplatin with cryotherapy on hu- 
man prostate cancer cell lines have demonstrated en- 
hancement in chemo-induced apoptosis with freezing 


[62]. Immuno-cryotherapy incorporates the cellular 
response to cryotherapy with the release of tumor anti- 
gens and inflammatory signals in order to enhance 
dendritic cell maturation thereby making the tumor 
more sensitive to immunotherapy after freezing [63]. 
Using a tumor necrosis factor related apoptosis induc- 
ing ligand (TRAIL) in combination with cryotherapy, 
Ismail et al has shown that prostate cancer cells ex- 
hibit increased sensitivity to freezing and complete loss 
of viability at —10°C and —20°C [64]. Further stud- 
ies investigating the use of immunotherapeutic agents, 
chemotherapy, and novel targeted molecular therapies 
in combination with cryotherapy could have promis- 
ing roles for future treatment. 


Conclusions 


With the advent of PSA screening and the subsequent 
stage migration in prostate cancer, there are more men 
being identified with low-risk disease, but who are 
not interested in watchful waiting or active surveil- 
lance. These men are not necessarily candidates for 
radical treatment or wish to avoid the morbidity of 
surgery and radiation therapy. These men may instead 
be better served by minimally invasive ablative thera- 
pies such as cryotherapy. Medium and emerging long- 
term data have shown this ablative technology to be 
safe and effective with low urinary morbidity. Further 
improvements in erectile function outcomes may be 
achieved by applying the ablative target to only one 
lobe or areas of cancer alone in focal therapy. Further 
research into the therapeutic efficacy of cryotherapy 
is therefore essential in order to serve our patients 
better and offer them maximal benefit with minimal 
complication. 

Renal tumors have also increased in incidence due 
to imaging for other diseases. Many of these tumors 
are small and a significant minority is benign. The 
ability of preoperative diagnostic tests to differentiate 
between benign and malignant lesions is yet to be accu- 
rate enough to rely on, and the morbidity of nephrec- 
tomy is high. Therefore, the need for minimally inva- 
sive interventions such as cryotherapy is paramount. 
It seems from retrospective studies that cryotherapy 
may have advantages over radiofrequency ablation, 
but this has yet to be proven in comparative prospec- 
tive trials. 
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Introduction 


Thermal ablation techniques have gained consid- 
erable attention in the field of urologic oncology. 
Methods such as cryoablation, high-intensity focused 
ultrasound (HIFU), interstitial laser therapy, and mi- 
crowave ablation are all being investigated for their 
potential use as forms of minimally invasive treat- 
ments for genitourinary malignancies. Over the past 
several years the utilization of radiofrequency abla- 
tion (RFA) has increased and gained considerable clin- 
ical acceptance in localized treatment of primary and 
metastatic tumors. Initial experiences in RFA were in 
the intraoperative ablation of colon cancer metastases 
in the liver. However, as understanding and experi- 
ence with this technology developed, RFA was em- 
ployed percutaneously. Considerable work has been 
done in the evaluation of RFA in the liver for the 
treatment of hepatocellular carcinoma [1-3]. With in- 
creased technical experience in RFA, interventionalists 
broadened the application of this treatment modality 
to other sites, including the kidney for the treatment 
of renal cell carcinoma (RCC). 

The accepted and expected management of small 
renal masses has significantly changed over the past 
several years. With the widespread use of abdominal 
imaging, a majority of renal masses are now discov- 
ered incidentally. These otherwise asymptomatic inci- 
dental renal masses tend to be smaller in size and of 
lower grade than those that are diagnosed as a result 
of symptomatic presentation [4,5]. With a shift in the 


size of renal masses at presentation, treatment goals 
include the preservation of renal function via nephron- 
sparing techniques, as this approach may provide 
long-term benefits to the patient [6]. Partial nephrec- 
tomy (PN) in appropriately selected patients has been 
demonstrated to be as effective as radical nephrec- 
tomy in oncologic control [7,8]. Partial nephrectomy, 
however, may carry with it elevated operative risk in 
older patients with greater comorbidity. In an effort 
to expand the realm of nephron-sparing techniques, 
RFA has provided an alternative minimally invasive 
treatment option. Since the initial case report of RFA 
in RCC in 1999 [9], this technique has become more 
widely accepted as a viable treatment modality for 
small renal masses. This chapter explores the science, 
technique, and efficacy of this relatively new technol- 
ogy and explores its comparison with the traditional 
surgical approach for the management of RCC. In 
addition, RFA has been briefly explored in other gen- 
itourinary malignancies, and this experience will be 
discussed. 


Scientific basis for radiofrequency 
ablation 


Mechanism of effect 


RFA produces its effect by the transmission of ra- 
diofrequency energy into tissues. This method com- 
bines physics with biology to transform an alternating 
current into heat, resulting in coagulation necrosis of 
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tumor. A generator supplying 60 W to 250 W of ra- 
diofrequency energy is the source of this current. RFA 
applicator electrodes are inserted into the tumor. Cur- 
rent flows through the applicator electrode from the 
generator into the targeted tissue, and then through 
the patient into a grounding pad that is connected 
back to the generator to complete the electrical circuit. 
The RFA generator produces an alternating current, 
which causes agitation of the ions in the surrounding 
cells and tissue. This ionic agitation produces friction 
and thus heat, resulting in an elevation of local tissue 
temperatures. Target tissue temperatures of 60-100°C 
result in instantaneous irreversible cellular damage re- 
sulting in coagulation necrosis [10]. Lower tissue tem- 
peratures between 50-60°C also results in coagula- 
tion necrosis, however, this occurs within minutes. 
Temperatures below 46°C appear to produce tissue 
hyperthermia, which however, is repairable by the na- 
tive tissue. Target tissue temperatures above 100°C 
are avoided as this will result in tissue vaporization, 
leading to boiling and gas formation, as well as signif- 
icant tissue charring on the electrode. (Table 5.1) The 
formation of gas and tissue charring both act as signif- 
icant insulators that prevent diffusion of heat into the 
surrounding tissues and effectively decrease the size of 
the thermal zone of tissue ablation. 

One method devised to avoid tissue vaporization 
and charring is the use of energy pulsing. This tech- 
nique utilizes a rapid alternation of high and low en- 


Table 5.1 Biological tissue effects of thermal ablation. 


Tissue temperature Tissue effect 


42-46°C Tissue hyperthermia with reversible 
cellular injury 

46-48°C Irreversible cellular injury that occurs 
at 45 minutes of ablation 

50-55°C Irreversible coagulation tissue 
necrosis that occurs at 4 to 6 minutes 
of ablation 

60-100°C Irreversible coagulation tissue 
necrosis that occurs instantaneously 

>110°C Immediate tissue vaporization and 


tissue charring, which can decrease 
transmission of current and decrease 
RFA efficacy 
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ergy deposition into the target tissue. This method 
allows the tissue immediately adjacent to the elec- 
trode to cool momentarily, while the more distant 
tissue maintains its temperature [11]. Repeated cycles 
of pulsed heating and transient cooling prevents the 
temperature in the tissue nearest to the electrode from 
reaching elevated temperatures that would otherwise 
result in vaporization and charring. 


Applicator electrode 


The earliest and simplest form of applicator electrode 
is a monopolar single straight needle with an insu- 
lated shaft and an uninsulated metal tip through which 
the current flows into the tissue. Since the inception 
of RFA, variations on the monopolar electrode have 
been developed, including straight cluster electrodes 
with multiple adjacent tips and multitined expand- 
able electrodes. These electrodes allow for an increase 
in size of a single ablation zone from the applicator 
electrode. 

The single-tip monopolar electrode (Figure 5.1) de- 
livers the alternating electrical current directly to the 
target tissue in a manner such that the current deliv- 
ered to the adjacent tissue is inversely proportional 
to the square of the distance from the electrode [12]. 


Fig 5.1 RFA Electrodes. Demonstrates two examples of 
RFA electrodes. The single-tip monopolar electrode is seen 
in (a) and the cluster electrode, designed with three evenly 
spaced 17-gauge electrodes in a triangular configuration is 
seen in (b). 
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These properties of the rapid diffusion of the electrical 
current and energy result in a decrease in the area of 
coagulation necrosis achievable with the single elec- 
trode. The maximum diameter ablation zone achiev- 
able with such a single monopolar electrode appears 
to be 1.6 cm in an in vivo model [13]. 

One method devised to increase the zone of abla- 
tion with a single monopolar electrode is through the 
use of an internally cooled electrode in which chilled 
saline is perfused into and then out of the applica- 
tor tip. This perfusion mechanism effectively reduces 
the temperature at the tip of the applicator electrode, 
reducing the risk of gas formation and charring and 
allowing for an environment that can produce a larger 
zone of ablation. 

Another advance in electrode design was in the de- 
velopment of a cluster electrode (Figure 5.1). This ap- 
plicator electrode is designed with three evenly spaced 
17-gauge electrodes in a triangular configuration and 
held together as a single unit (Valley Lab, Boulder, 
CO). This array of three adjacent electrodes effectively 
increases the diameter of the ablation zone. This model 
is also designed with an internally cooled tip to avoid 
insulating vaporization and charring and effectively 
improving the size of the ablation zone. 

A third physical design with the intent of increasing 
the size of the ablation zone is a multi-tined expand- 
able electrode. This electrode is configured in such a 
way that the applicator needle is placed and then an 
umbrella-style hooked array expands within the tis- 
sue. This expandable electrode significantly increases 
the size of the ablation zone, such that early devices 
could result in treatment zones up to 4 cm and more 
recent systems allowing ablation zones up to 5 or 
6 cm [11,12]. 

More recently, a bipolar applicator electrode has 
been designed for use of thermal tumor ablation. As 
opposed to a monopolar electrode, which delivers cur- 
rent through the target tissue and then completes the 
circuit by traveling through the patient to a separate 
grounding pad electrode, the bipolar electrode works 
by passing the current through the target tissue be- 
tween two adjacent electrodes. This technology allows 
for destruction of target tissue between the two elec- 
trodes, however, limits the adjacent collateral damage 
to other tissues. A surgical bipolar RFA device (Boston 
Scientific) is available in the United States, and a per- 
cutaneous bipolar device is undergoing investigational 
trials in Europe [14,15]. 
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Radiofrequency ablation in renal 
cell carcinoma 


Rationale 


In 2009 there was expected to be 57,760 new cases 
of kidney cancers in the United States [16]. With the 
prevalent use of abdominal imaging, there is a much 
greater proportion of RCCs that are discovered as in- 
cidental renal masses. These masses, when discovered 
incidentally, tend to be smaller and of lower grade 
than those that are diagnosed due to symptomatic pre- 
sentation [4,5] Concordant with this shift in tumor 
size and stage of presentation has been a paradigm 
shift in our algorithm for treating these small renal 
masses. Attention has now focused on preservation of 
functional renal tissue, which has resulted in a move 
toward performing PN in appropriately selected pa- 
tients. Justification for this interest in nephron-sparing 
surgery has recently been supported with evidence that 
PN results in long-term preservation of renal func- 
tion and perhaps overall survival [6,17] Furthermore, 
follow-up data has demonstrated that in the appropri- 
ately selected patients, PN results in equivalent onco- 
logic control as total nephrectomy [7,8]. A nephron- 
sparing approach is especially attractive in patients 
with a genetic predisposition to the development of 
multiple RCCs, such as in patients with Von Hippel- 
Lindau (VHL) disease. This approach is essential in 
patients with a solitary kidney to avoid the need for 
dialysis. 

Given the demonstrated oncologic efficacy of par- 
tial nephrectomy, improvements in technology have 
moved the field toward the development of minimally 
invasive methods for a nephron sparing approach. De- 
velopments in laparascopic techniques and skill have 
made laparoscopic PN an attractive minimally inva- 
sive alternative to the standard open partial nephrec- 
tomy. Even less invasive, percutaneous techniques, in- 
cluding RFA and cryoablation have now also become 
available and more commonly accepted alternatives. 


Early experience and short-term outcomes 


The use of RFA in RCC developed in the late 1990s 
with reports of animal studies demonstrating the fea- 
sibility of using this technology in the kidney [18,19]. 
Zlotta, et al [20] reported on two renal tumors that 
were ablated and then resected, demonstrating the ef- 
ficacy of renal tissue ablation with this technique. In 


1999 McGovern, et al [9] from Massachusetts Gen- 
eral Hospital (MGH) reported on the first percuta- 
neous in vivo treatment of RCC with RFA. This report 
demonstrated the ability of this technology to ablate a 
3 cm tumor, with no resulting tumor enhancement on 
follow-up contrast-enhanced computed tomography 
(CT). 

In 2000 the group at MGH reported on their expe- 
rience with RFA in 9 tumors in 8 patients [21]. This 
was the first series reported with imaging follow-up 
in RFA in RCC. Gervais and colleagues prospectively 
studied their experience, with the indications for RFA 
being a life expectancy shorter than 10 years, sub- 
stantial coexistent medical comorbidities that would 
make a surgical approach very risky, and/or a soli- 
tary kidney. Patients who had metastatic disease or 
were considerable surgical candidates were excluded. 
All tumors were biopsy proven to be RCC and ranged 
in size from 1.2 to 5.0 cm, with a mean diameter 
of 3.3 cm. 

Electrodes were placed percutaneously by either 
ultrasound or CT guidance and placed under intra- 
venous conscious sedation. Cooled-tip electrodes were 
used with a pulsed current to avoid tissue vaporiza- 
tion and charring. Post-RFA imaging protocol was 
to evaluate with contrast-enhanced CT scans at 1, 3, 
and 6 months. One patient with a serum creatinine 
(Cr) above 2 mg/dL was evaluated with gadolinium- 
enhanced magnetic resonance imaging (MRI). Any le- 
sion enhancement of greater than 10 hounsfield units 
(HU) on CT was considered to be untreated or resid- 
ual tumor. Similarly, an increase in signal intensity on 
MRI was also considered to be untreated tumor. 

Five tumors were completely treated in one ab- 
lation session, and four required additional visits. 
Three of these four patients completed treatment in 
two sessions and one patient required four sessions. 


DS 
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With a mean follow-up time of 10.3 months (range 
3-21), seven of the nine tumors were completely 
treated. No patients developed metastatic disease dur- 
ing the course of the study and their serum Cr all 
remained stable during treatment. Two complications 
were noted in the study. One was a complication of 
intravenous sedation in which the patient developed 
a 5- to 10-minute dystonic reaction to fentanyl. The 
other complication was in a large central lesion in a 
solitary kindey, in which the patient developed gross 
hematuria and a perinephric hematoma within one 
hour after RFA. Clot within the collecting system re- 
sulted in anuric obstruction and the patient required 
a cystoscopic placement of a ureteral stent and blood 
transfusion. This patient recovered from this compli- 
cation within several days and he ultimately proceeded 
with additional RFA of residual tumor. 

To better analyze the results by tumor location 
within the kidney, this study classified each tumor as 
either exophytic, central, or mixed. Figure 5.2 demon- 
strates these categories. Exophytic tumors are those in 
which 25% or more of the tumor diameter is in con- 
tact with the perinephric fact. Central tumors are de- 
fined as a tumor that extends into the renal sinus, but 
not beyond the renal capsule. Mixed tumors are those 
with components in both the renal sinus fat and per- 
inephric fat. In reviewing the results, it was clear that 
the small exophytic tumors are those that are most 
readily treated by RFA. In fact, the two tumors that 
were not completely treated in this series were central 
tumors greater than 4 cm in size. 

Tumor location was one of the major predictors of 
treatment success that was identified in this study. It 
was clear that the exophytic tumors were more readily 
treated than the central tumors. Central tumors, which 
are embedded in highly vascular renal parenchyma as 
well as the surrounding high-flow vessels of the hilar 


(b) (c) 


Fig 5.2 CT images of exophytic, central, and mixed tumors. Demonstrates examples of exophytic (a), central (b), and mixed 


(c) tumors. 
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area, are more challenging to maintain at the elevated 
temperatures necessary for coagulation necrosis. The 
surrounding vasculature and highly vascular tissue has 
a cooling or “heat sink” effect as the heated blood is 
carried away and replaced with the cooler blood at 
body temperature. This difficulty is in contrast to an 
exophytic tumor, which is surrounded by perinephric 
fat. The fat around these tumors acts as an insulator of 
heat and therefore results in an ideal environment to 
heat and maintain required temperatures in the target 
tissue. 

Gervais and colleagues updated their experience in 
2005, reporting on 100 tumors ablated [22]. This re- 
port confirmed the challenges of treating larger tumors 
and centrally located tumors. Of the 100 tumors, 90 
demonstrated complete necrosis by imaging criteria. 
These completely treated tumors ranged in size from 
1.1 to 5.5 cm, with a mean diameter of 2.9 cm. The 
remaining incompletely treated tumors ranged in size 
from 4.0 to 8.9 cm. In fact, no tumors over 5.5 cm in 
size were completely ablated. In multivariate analysis, 
both smaller tumor size and noncentral location were 
the strongest predictors of successful treatment. 

Pavlovich, et al [23] reported on the early experi- 
ence of the group at the National Cancer Institute with 
RFA for 24 RCC tumors in 21 patients with heredi- 
tary renal tumors from VHL and hereditary papillary 
RCC. All tumors were 3 cm or less in diameter and 
solid, with no cystic components. Treatment was per- 
formed with ultrasound or CT guidance and follow- 
up imaging protocol consisted of contrast-enhanced 
CT scan at 3, 6, and 12 months postablation. All ab- 
lations were performed with the multi-tined hooked 
array expandable electrodes (RITA Medical Systems, 
Inc. Mountain View, CA). All tumors were treated 
once. Treatments were considered satisfactory when 
tissue temperatures greater than 70°C were main- 
tained throughout the ablation. Five of the 24 tumors 
did not maintain temperature and thus were consid- 
ered poor or unsatisfactory treatments. 

Follow-up imaging consisted of a contrast- 
enhanced CT scan at two months postablation. Five of 
the tumors ablated demonstrated persistent enhance- 
ment at 2 month imaging, with four of these being 
those tumors that were also considered poor or unsat- 
isfactory treatments at the time of ablation. Patients 
experienced mild pain and some postprocedural nau- 
sea, likely related to the sedatives used during ablation. 
There were no major complications during or after 
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the ablations. Minor complications included transient 
gross hematuria in one patient, transient pain on hip 
flexion in two patients, and cutaneous flank numbness 
that was persistent at 2 months in two patients. A 
1.5 cm postprocedure perinephric hematoma was 
visualized in one patient and this was resolved at 
2 month imaging. 

The group at University of Texas Southwestern re- 
ported on their early experience with RFA in RCC 
[24]. This series included 13 tumors treated percu- 
taneously in 12 patients. All tumors were less than 
4 cm in diameter (mean 2.4 + 0.6 cm). All ablations 
were performed with the multi-tined hooked array 
expandable electrodes (RITA Medical Systems, Inc. 
Mountain View, CA) and follow-up imaging proto- 
col included contrast-enhanced CT scans at 6 weeks, 
3, 6, and 12 months, and every 6 months thereafter. 
Of all 13 tumors, one demonstrated a rim of persis- 
tent enhancement on follow-up CT. This tumor was 
reablated at 6 months and did not demonstrate any 
enhancement on the subsequent 6-week scan. The re- 
maining 12 tumors did not demonstrate any recur- 
rent tumor enhancement on any follow-up imaging. 
No major complications occurred and one patient de- 
veloped a small nonclinically significant perinephric 
hematoma postablation. 

Based on their series, Cadeddu and colleagues at UT 
Southwestern reflected on the importance of deploying 
the electrode tines 0.5 to 1 cm beyond the visible edge 
of the tumor, such that the outer tumor margin is 
adequately treated. Furthermore, they recommended 
that multiple electrode placements or ablations may be 
necessary during a treatment session in order to cover 
the entirety of tumor area. This measure is necessary 
in larger tumors with inhomogeneous shape such that 
one deployment of the electrode will not adequately 
cover the entirety of the targeted tumor. 

Several other institutions, including Johns Hopkins 
[25], Mayo Clinic [26], and Wake Forest [27] have re- 
ported their early experiences with RFA in RCC. The 
group at Hopkins [25] reported on 35 tumors less 
than 4 cm in size in 29 patients. All but two patients 
were treated under IV sedation and 85% of the pa- 
tients were treated on an outpatient basis. Over a mean 
follow-up period of 9 months (range 0-23 months), 
2 patients required a second ablation for small ar- 
eas of residual enhancement. These both were treated 
successfully with no further enhancement on repeated 
imaging. 


The early series from the Mayo Clinic [28] included 
35 tumors in 20 patients. Twenty-seven of these tu- 
mors were treated percutaneously, while two patients 
with eight tumors were treated with intraoperative 
RFA due to the risk of injury to adjacent organs in- 
cluding the bowel or gallbladder. Of those who were 
treated percutaneously, all but one were treated as out- 
patients. At a mean follow-up time of 9 months (range 
1-23 months), no tumors demonstrated residual or re- 
current enhancement by either contrast-enhanced CT 
or MRI. 

Zagoria, et al [27] reported a retrospective analy- 
sis of the Wake Forest experience with RFA in RCC. 
Twenty-four renal tumors were ablated in 22 patients, 
seventeen of which were proven to have RCC by per- 
cutaneous biopsy. All ablations were carried out un- 
der CT guidance and were performed using cooled-tip 
electrodes of either the single-tip or cluster-array type. 
Follow-up ranged from 1 to 35 months, with a mean 
of 7 months. 

On the initial follow-up imaging at 1-3 months, 
residual tumor was demonstrated in 4/24 tumors. The 
mean tumor size in these four patients with residual 
tumor was 4.4 cm (range 3.1-5 cm). Two of these 
patients underwent additional ablation sessions with 
follow-up imaging showing no residual tumor. Two of 
the remaining four patients with residual tumor chose 
observation due to severe medical comorbidities. No 
metastases were detected in any of the patients during 
this limited time of follow-up. 

The group at Wake Forest updated their experience 
in 2007, reporting on a total of 125 tumors in 104 pa- 
tients [29]. This analysis reiterated their earlier results, 
demonstrating that larger tumor size correlated with 
a greater risk of residual tumor on follow-up after the 
initial RFA treatment. In fact, no recurrent disease was 
demonstrated in any tumor less than 3.7 cm in diam- 
eter. Despite the findings of residual disease in 16 of 
30 larger tumors, 7 were successfully retreated with 
no further evidence of recurrent disease on follow-up 
imaging. However, three patients who opted for ad- 
ditional ablative treatments ultimately developed evi- 
dence of viable recurrent tumor. The remainder of the 
16 patients with recurrent disease either declined treat- 
ment, were lost to follow-up, or underwent salvage 
nephrectomy. Of the entire series, 2 patients demon- 
strated evidence of metastatic disease on follow-up. 
One patient in retrospect, likely had metastatic dis- 
ease at the time of RFA given that he had small pul- 
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monary nodules on pre-RFA CT, which eventually 
became evident to be metastatic disease. The second 
patient developed pulmonary nodules on CT one year 
after RFA, indicating that he also may have had oth- 
erwise undetectable metastatic disease at the time of 
RFA. 

These initial short-term results from multiple sepa- 
rate institutions have been extremely encouraging in 
evaluating the safety and efficacy of RFA for RCC. 
Nevertheless, long-term data is critical in truly eval- 
uating the oncologic control of RCC with RFA. A 
few groups with early experience have presented their 
more recent longer term data in an attempt to address 
this concern. 


Results with extended follow-up 


Paramount in the evaluation of any emerging treat- 
ment modality is long-term efficacy in comparison 
to the gold standard. McDougal et al [30] reported 
on 16 patients undergoing RFA for biopsy proven 
RCC with a minimum of 4 years since the procedure. 
Three of these patients had multiple tumors for a to- 
tal of 20 tumors treated, ranging in size from 1.1 to 
7.1 cm (mean 3.2 + 1.4 cm). Patients were followed 
with contrast- enhanced CT or gadolinium-enhanced 
MRI at 1 month, 3 months, 6 months, and then 6 
month to yearly intervals thereafter. The presence of 
recurrent or untreated tumor was based on contrast 
enhancement. No lesions were rebiopsied. 

Of the 16 patients, 5 died of unrelated causes be- 
fore 4 years, leaving 11 patients with a mean follow-up 
time of 4.6 + 0.8 years. All exophytic and central tu- 
mors were treated successfully without recurrence or 
metastasis. Of the 2 mixed tumors, 1 was successfully 
treated, but the other progressively enlarged after the 
initial treatment and was thus considered unsuccess- 
ful. No patients developed metastatic disease during 
this follow-up period. 

More recently, Levinson et al [31] reported on the 
long-term follow-up of RFA in RCC at Johns Hop- 
kins. Although only 18 tumors were pathologically 
confirmed RCC, 31 patients with solitary tumors were 
followed for a mean time of 5.1 years (range 41- 
80 months) after treatment for renal masses ranging 
in size from 1.0 to 4.0 cm (mean 2.1 cm).Imaging was 
performed at 3, 6, and 12 months, and then 6 to 9 
month intervals thereafter. One of the total 31 patients 
demonstrated inadequate ablation, as evidenced by 
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initial postablation imaging. This patient underwent 
repeat RFA and was recurrence-free after 76 months. 

Local tumor recurrence was identified in 3 of 31 
patients, as evidenced by contrast enhancement on 
follow-up imaging. These occurred at 7, 13, and 31 
months post-RFA. These patients underwent salvage 
treatment with repeat RFA, cryoablation, and laparo- 
scopic radical nephrectomy. Two of the recurrences 
were confirmed pathologically, however, the third re- 
vealed only postablation scar on biopsy prior to re- 
ablation. None of the patients developed metastatic 
disease and there was no disease specific mortality. 

These reports suggest that with a modest follow-up 
period RFA appears to be efficacious in treating small 
renal tumors. However, before we can truly accept 
the oncologic efficacy of this technique as comparable 
to the gold standard, we must first have longer term 
follow-up data in larger cohorts spanning at least 5 
years, and preferably 10 years. 


Oncologic efficacy — controversies 


One of the difficulties in assessing an ablative tech- 
nique as opposed to an extirpative method of tumor 
treatment is the question of how to measure success 
in treating the malignancy. These questions have been 
raised over the past several years as RFA has been 
investigated. CT scan enhanced with intravenous con- 
trast has largely been the preferred method for fol- 
lowing lesions after ablation. Any persistent or new 
enhancement is considered to be persistent or recur- 
rent disease, respectively. The accuracy of this method 
for detecting persistent or recurrent disease has been 
questioned, however. Furthermore, the ability of RFA 
to achieve total tumor cell destruction has also been 
questioned. 

The group at Lahey clinic questioned the ability of 
RFA to achieve total tumor destruction [32]. They 
performed open tumor RFA in a total of 20 tumors 
(15 patients) just prior to open resection by partial 
nephrectomy. Tumors were then analyzed by stan- 
dard histologic hematoxylin and eosin (H&E) stain- 
ing, as well as staining for nicotinamide adenine din- 
ucleotide (NADH) diaphorase for enzymatic activity. 
In all tumors, they reported that there were histolog- 
ically viable tumor cells within the regions of tumor 
destruction by coagulative necrosis. In 5 of the tu- 
mors, they also performed NADH diaphorase stain- 
ing and demonstrated enzymatic activity in 4 of the 
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5 specimens. These findings certainly raised questions 
as to the efficacy of complete tumor destruction by 
RFA. However, it must be noted that ablations were 
only single needle placements and tissue temperatures 
reached up to 110 °C, which as discussed previously 
can result in tissue charring on the electrode and thus 
ineffective energy transfer. Furthermore, it appears 
that the histologic effects of RFA on renal tissue ma- 
ture over time [33] and therefore the immediate mi- 
croscopic evaluation in this study may not represent 
the true long-term effect. 

Rendon et al [34] evaluated four patients who un- 
derwent partial or radical nephrectomy immediately 
after RFA and six patients who underwent partial or 
radical nephrectomy one week after RFA. In the group 
with immediate nephrectomy, their analysis demon- 
strated the difficulty in determining cell viability at 
this time point, thus questioning the findings of the 
Michaels et al [32] study discussed above. The group 
with surgical excision delayed by one week had a 
contrast-enhanced CT scan on day 7 prior to resection. 
Three patients demonstrated what appeared to be vi- 
able tumor in 5-10% of the original tumor volume. 
Two of these patients had no evidence of contrast en- 
hancement on CT scan prior to resection. These find- 
ings again questioned the ability of RFA to effectively 
achieve tumor cell death, however, also questioned 
the ability of contrast-enhanced CT to adequately as- 
sess for tumor recurrence. It must be noted, however, 
that the tissues obtained were only analyzed by HXE 
staining, which may be inadequate for assessing tumor 
viability in this setting. In addition, CT scans were ob- 
tained at only one week post-RFA, which as discussed 
above, may not represent the actual long-term effect. 

Cadeddu’s group [35] reported on three patients 
who underwent surgical excision at 11, 18, and 
24 months after RFA. These resections were per- 
formed for what appeared to be new enhancement 
on CT at the periphery of the ablation zone margin 
in two patients and an unrepairable UPJ obstruction 
in the third patient. All three patients had no evidence 
of any viable tumor in the entire specimen. The area 
of contrast enhancement seen on CT scan appeared 
to be as a result of a granulomatous giant cell reac- 
tion in the area of the ablation margin. Although this 
reports on only a few patients, it does demonstrate a 
long-term effectiveness of tumor cell killing by RFA. It 
also, however, raises the critical features of post-RFA 
imaging by contrast-enhanced CT scan. Whereas new 


enhancement within the ablation zone should abso- 
lutely be considered a tumor recurrence, a so-called 
“halo” of enhancement around the periablation zone 
may be an atypical finding that does not truly repre- 
sent a recurrence. Of course, the authors admit that 
we can only begin to truly define what are benign and 
what are malignant imaging findings with increased 
experience, however, this report begins to shed light 
on what these imaging findings may truly represent. 

This same group also evaluated 17 biopsy proven 
RCC tumors treated by RFA with a post-RFA tu- 
mor biopsy all being done at least one year after 
the ablation (mean 26.9 months) [36]. In all of these 
patients, standard follow-up imaging was negative 
for any evidence of recurrence. All biopsied tumor 
beds demonstrated no evidence of viable tumor and 
histopathologic findings varied from extensive coagu- 
lation necrosis to complete tissue necrosis and inflam- 
matory reaction. These findings suggest that RFA does 
result in effective long-term tumor cell death within 
the ablation zone. These longer term histopathologic 
results correlate more closely with the clinically ob- 
served success rates discussed previously. It is clear 
that the true histologic evolution within a tumor fol- 
lowing RFA is not entirely defined and evalution at 
early time points may be misleading in determining 
cellular viability. 


Technical considerations 


Optimal treatment of renal tumors with RFA has 
been found to be dependent on multiple factors and 
over time with increased experience, various measures 
for achieving success have been identified. It is clear 
that exophytic tumors at the periphery of the renal 
parenchyma and polar regions are more easily treated 
than those lesions that are central or intraparenchy- 
mal. The exophytic tumors are typically surrounded 
by fat, which insulates the treatment area, both serving 
to maximize thermal coagulation effect in the target 
tissue and also protecting surrounding structures from 
collateral injury. Central tumors have been demon- 
strated to be more of a challenge to treat. These tumors 
are surrounded by multiple or large vessels, which 
serve as a heat sink dissipating the effective energy 
and potentially reducing the effectiveness of the treat- 
ment. Treatment of these central and intraparenchy- 
mal tumors also pose a relative risk of injury to the 
hilar structures and collecting system. These techni- 
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cal considerations identified by the MGH group [37] 
have been confirmed by others. Veltri et al [38] de- 
scribed that an exophytic nature of the tumor served 
as a significant predictor of complete ablation suc- 
cess in a single treatment session as compared with 
parenchymal or central tumors. Exophytic tumor ex- 
tension also appeared to be significantly predictive of 
a reduced risk of complication compared with a cen- 
tral tumor extension and mid-kidney location. Central 
tumor extension was a negative predictor of treatment 
success of the tumor during both the first and second 
treatment sessions. In addition to the heat sink effect 
in the hilar area, it is likely that this relative difficulty 
of treatment of central tumors is also in part due to 
technical limitation of an inability to place the elec- 
trode needle tip beyond the deep margin of the tumor 
that is adjacent to large vessels and renal sinus and 
hilar structures. Treatment of an extended margin in 
this deep area would certainly pose a significant risk 
of injury to these hilar structures resulting in major 
complications. 

In addition to the location of the tumor within the 
renal unit, the location of the tumor in relation to 
surrounding structures also plays a significant role in 
effective treatment of RCC with RFA. Adjacent struc- 
tures in relation to the left kidney include the large 
and small bowel, the spleen, the pancreas, and the 
adrenal gland. On the right side, structures at risk in- 
clude the liver, the duodenum, the large bowel, and 
the adrenal gland. Of course, with both kidneys, the 
hilar structures, renal pelvis, and proximal ureter are 
always at risk. In an effort to successfully treat tumors 
in spite of at risk adjacent organs, innovative methods 
have been employed to protect or move these inno- 
cent bystanders. Rendon et al [39] described a method 
of hydrodissection in a large animal model in which 
they used normal saline hydrodissection and carbon 
dioxide (CO7) dissection to manipulate and move the 
tissues under ultrasound guidance. This method ef- 
fectively created a thermal barrier between the target 
tumor and adjacent organ, thus protecting that organ 
from risk of collateral injury. There were no differ- 
ences noted between the effectiveness of thermal pro- 
tection from either method, however, it was noted that 
CO, was technically easier to confine within the cre- 
ated perirenal space, whereas saline more easily dissi- 
pated throughout the surrounding tissues. In addition, 
the group did not identify any increase in impedance 
of energy by having the electrode wires partially 


75 


CHAPTER 5 


submerged in saline. One difference noted, however, 
was that the CO did interfere with ultrasound visual- 
ization, whereas saline did not. It was clear from this 
analysis that this method of tissue manipulation for 
the protection of adjacent organs was easy to perform 
and did not result in any significant morbidity in this 
pig model. 

Gervais et al [37] discussed using this method of hy- 
drodissection in humans in order to displace the colon 
during treatment. This method used the instillation 
of 50-200 mL of sterile water to displace the colon 
from the tumor that was originally 0.1-0.4 cm from 
the tumor. Figure 5.3 demonstrates this method of 
hydrodissection. This method allowed the treatment 
of these tumors by displacing the at-risk organ and 
creating a protective thermal cushion between it and 
the target. The authors noted, however, that the dis- 
placement was transient and that due to dissipation of 
the water, repeat instillations needed to be performed 
at multiple time points during the treatment. Prior to 
using this technique, the authors would never place 
the electrode tip within 2-3 mm of the bowel perpen- 
dicularly or the shaft of the electrode no closer than 
5-7 mm when parallel to the bowel. There were no 
complications with bowel perforation or inflamma- 
tion in this group’s experience. 

Other groups have demonstrated the effective use 
of this technique of hydrodissection or CO? displace- 


Fig 5.3 CT images of the technique of hydrodissection. 
(a) Preoperative CT image in which the arrow points to 
the proximity of the tumor to the overlying colon. (b) CT 
image demonstrating hydrodissection being used to create 
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ment. Chen et al [40] demonstrated the effective use of 
a 5% Dextrose solution (D5 W) to displace and pro- 
tect the colon during RFA ofa renal tumor. Farrell et al 
[41] utilized sterile water instillation and Liddell and 
Solomon [42] injected air to displace the bowel from 
the adjacent tumors. Kariya et al [43] successfully per- 
formed two cases of RFA after percutaneous instilla- 
tion of CO; around the target tissue to displace the 
adjacent spleen, splenic vessels, and pancreas, which 
were at risk of collateral injury. The authors noted the 
attractiveness of CO) as an agent for this method given 
its properties of poor heat conduction and thus high 
heat insulation. Furthermore, its safety of use intra- 
abdominally has been proven by a long experience of 
use in laparoscopic surgery. 

Due to the length of bowel normally adjacent to the 
kidneys on both sides, the colon is the most common 
structure to be adjacent to a renal tumor and at risk of 
secondary injury. Interestingly, however, in the MGH 
series the colon was also the most common structure 
that notably moved positions from prior diagnostic 
imaging to ablation and during ablation [37]. The au- 
thors also noted that at times the placement of the elec- 
trode needle itself pushed the kidney safely away from 
the bowel, and in another treatment, the colon spon- 
taneously moved away from the tumor even without 
repositioning of the patient. This group commented 
that they were able to safely ablate 21 tumors that 


(b) 


a barrier between the tumor and the adjacent organ. This 
technique can be used to protect an adjacent organ from 
collateral injury by the RFA electrode. 


were within 1 cm of the bowel by using cautious 
electrode positioning and no additional displacement 
techniques. There were no bowel complications within 
this series. 

In addition to adjacent other organs, the ureter and 
collecting system are at risk of injury in the treat- 
ment of nearby tumors. Retrograde pyeloperfusion 
was for thermal protection of the collecting system 
during RFA was initially described by Schultze et al 
[44] who perfused cold saline into the collecting sys- 
tem of the kidney during a RFA of a renal pelvis tran- 
sitional cell carcinoma. Wah et al then reported on 
retrograde pyeloperfusion of cold D5 W into the col- 
lecting system during RFA of a central RCC. This 
technique is employed by cystoscopically placing an 
open-ended ureteral catheter into the ureter and renal 
collecting system and infusing cold DS W into the col- 
lecting system at a perfusion pressure of 80 cm H;O. 
One-liter bags of DS W were stored in refrigeration at 
2-6°C prior to infusion. Figure 5.4 demonstrates the 
ureteral catheter in place for pyeloperfusion while the 
RFA probe is in place in the adjacent tumor. 

Cantwell et al [45] reported on a two-institution 
retrospective analysis of 17 patients treated with this 
technique. The indication for this method of pro- 
tection with pyeloperfusion was that the tumor was 


Fig 5.4 CT image of ureteral catheterization for retro- 
grade pyeloperfusion. The arrow points to the radio-opaque 
ureteral catheter which can be seen within the ureter as it is 
infusing cooled D5 W in a retrograde fashion into the renal 
collecting system and proximal ureter. The RFA electrode is 
seen within the tumor in the same image. 
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within 1.5 cm of the ureter. Pyeloperfusion was 
achieved as described above and the ureteral catheter 
was removed immediately upon termination of the 
RFA procedure. No complications occurred in any 
of the treated patients. There were no findings of 
hydronephrosis or ureteral strictures. Three patients 
demonstrated residual tumor at one month follow-up 
imaging and underwent a second RFA session with 
complete effectiveness. This report suggests that ret- 
rograde cold fluid pyeloperfusion is safe and may be 
effective in preventing ureteral injury or stricture dur- 
ing RFA of adjacent tumors. It does, however, raise 
the question of whether this method may make the 
RFA slightly less effective at tumor cell killing by pro- 
ducing a heat sink similar to that seen at the large hilar 
vessels. The choice to use this method must therefore 
be made with cautious judgement based on the archi- 
tecture of the kidney and relative tumor location. 


Management of residual or recurrent disease 


Following ablative therapy of RCC, residual disease 
is defined as persistent enhancement demonstrated 
on contrast-enhanced CT scan within three months 
of surveillance imaging. Recurrent disease is declared 
when initial follow-up images demonstrate no area 
of contrast enhancement, and enhancement then be- 
comes evident on any subsequent scan after three 
months. Gervais et al [37] demonstrated that out of 
100 tumors treated, 23 demonstrated some degree of 
residual disease. When residual disease occurs, the 
multi-tined hooked array systems are more associated 
with a residual pattern of multiple peripheral nod- 
ules. The straight needle systems tend to leave areas of 
enhancement, which are crescent-shaped edges; how- 
ever, they may also leave small masses or residual nod- 
ules. These areas of residual disease after treatment are 
most often amenable to repeat ablation of the enhanc- 
ing region(s). 

Matin et al [46] reported on a multi-institutional 
retrospective analysis of residual and recurrent dis- 
ease. Of the seven participating centers and a total 
of 410 RFA treated tumors, there were 55 (13.4%) 
residual or recurrent tumors. This study also included 
8 cases of recurrence after cryoablation. A total of 
69.8% of the cases were detected within 3 months 
of initial treatment and were thus labeled as residual 
disease. The majority of the remaining cases of resid- 
ual and remaining cases were detected within the first 
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12 months, however, there were also a few cases de- 
tected after one year. Of the total 63 patients with 
residual/recurrent disease after ablative therapy, 46 
received a salvage energy ablative technique. Thirty- 
seven of these patients demonstrated no further ev- 
idence of disease on follow-up, thus resulting in an 
overall rate of residual or recurrence disease of 4.2% 
after salvage ablation. Six patients underwent salvage 
nephrectomy, and in all of these cases residual RCC 
was detected in the specimen. 

These reports demonstrate that residual disease 
within the first three months may occur and can be 
safely and successfully managed with repeat ablation 
to the areas of persistent disease. Later recurrences 
can also be managed with repeat or salvage ablation 
with apparent success. Another alternative is salvage 
nephrectomy or PN in select cases [47]. 


Complications 


As experience with RFA has increased, so has an un- 
derstanding of its potential complications. In 2006 
the Technology Assessment Committee of the Soci- 
ety of Interventional Radiology published reporting 
standards for percutaneous thermal ablation of renal 
tumors [48]. This group presented a list of known 
complications and classified them into various groups 
or classes (Table 5.2). Potential complications ranged 
from infectious, including abcess and sepsis, to vascu- 
lar, including hematoma, pulmonary embolism, and 
renal infarct, to general non-vascular, including hema- 
turia, collecting system/ureteral injury or stricture, 
perforation of hollow viscus, and respiratory, includ- 
ing pleural effusion and pneumothorax. This group 
also recognized that complications should be graded 
and reported according to the defined boundaries of 
minor and major complications as outlined by the So- 
ciety of Interventional Radiology [49]. As shown in 
Table 5.3, major complications include those that re- 
quire therapy with a minor hospitalization less than 
48 hours, require major therapy with a prolonged hos- 
pitalization, result in permanent adverse sequelae or 
death. Minor complications require no or minimal 
therapy, resulting in no clinical consequence to the 
patient and may include an overnight admission for 
observation only. 

Gervais et al [22,37] discussed that in 100 cases, 
their most common complication was hemorrhage, 
including hematoma formation or hematuria. Three 
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Table 5.2 Classification of complications of RFA in RCC 
[48]. 


Classification Complication 
General Hematuria 
nonvascular Renal failure 
Stricture 
Collecting system 
Ureteral 
Tumor seeding 
Urinary fistula 
Unintended perforation of hollow viscus 
Respiratory- Pleural effusion 
pulmonary Pneumothorax 
Cardiac Angina/Coronary ischemia 
Myocardial infarction 
Hypotension 
Vagal reaction 
Vascular Hematoma bleeding 
Perirenal 
Subcapsular 
Retroperitoneal 
Puncture site 
Renal infarct 
Pulmonary embolism 
Neurologic Lumbar radiculopathy 
Stroke 
Infectious/ Abcess 
Inflammatory Sepsis 
Medication- Idiosyncratic reaction 
related 
Contrast Allergic/Anaphylactoid reaction 


agent-related 


Skin burn 
Death related to procedure 
Death unrelated to procedure (30 day 


Device-related 
Death 


mortality) 


patients experienced minor hemorrhage that did not 
require transfusion, however, two of these patients 
had gross hematuria with clots resulting in bladder 
outlet obstruction and the need for bladder catheter- 
ization and irrigation. The third patient with minor 
hemorrhage had transient ureteral obstruction from 
clot, which was managed conservatively. One patient 
with a solitary kidney developed major hemorrhage 


Table 5.3 Grading of complications as defined by the 
Society of Interventional Radiology [49]. 


Major complications Requires therapy and/or minor 


hospitalization (<48 hours) 


Requires major therapy, an 
unplanned increase in level of care, 
and/or a prolonged hospitalization 
(>48 hours) 


Results in permanent adverse 
sequelae 


Results in death 


Minor complications No therapy required, no 


consequences 


Requires nominal therapy, but with 
no consequences. May include 
overnight admission for observation 
only. 


resulting in gross hematuria, which required a ureteral 
stent for ureteral clot obstruction and anuria. One 
other patient with major hemorrhage in the form of a 
subcapsular hematoma required blood transfusion. 

After hemorrhage, the second most common clini- 
cally relevant complication was ureteral stricture. One 
patient with a solitary kidney developed a ureteral 
stricture and anuria within hours after RFA and 
required nephrostomy drainage and ureteral stent- 
ing. This tumor was located 2 mm away from 
the proximal ureter. Two clinically insignificant and 
asymptomatic ureteral strictures and one mild non- 
significant ureteropelvic junction obstruction were de- 
tected on follow-up imaging and required no inter- 
vention. These ureteral injuries occurred prior to the 
initiation of cold D5 W pyeloperfusion as described 
above for ureteral and collecting system protection 
and served as the impetus for the utilization of this 
technique. 

Of the 100 cases reported, there were three urine 
leaks, however, only one that became clinically sig- 
nificant and required intervention. Two nonsignifi- 
cant leaks were very small volume extravasation seen 
on post-RFA imaging and never resulted in any uri- 
noma formation. The one patient who did develop a 
clinically significant leak was managed with drainage 
of the urinoma and placement of a nephroureteral 
catheter. This significant leak may have resulted from 
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a ureteral injury during treatment of an adjacent lower 
pole tumor. No bowel injuries or complications oc- 
curred in this series. 

Veltri et al [38] reported complications in their se- 
ries, confirming that hemorrhage, often in the form 
of a small insignificant hematoma was the most com- 
mon complication. Of 44 total tumors treated, there 
were a total of 8 complications. The five minor com- 
plications included three asymptomatic perinephric 
hematomas, one case of pain at the procedure site, 
and one case of transient gross hematuria. Three ma- 
jor complications included one area of psoas necro- 
sis, which subsequently resulted in the development 
of a posas abcess after 9 months. There was also a 
massive peri/pararenal bleed treated with arterial em- 
bolization. The authors commented that an exophytic 
location seemed to be a protective factor against com- 
plication, such that more central tumors demonstrated 
a higher rate of complication than noncentral tumors. 
This report also raises the issue that there may have 
been a tumor seeding of the tract through which the 
needle was passed. It is not clear, however, that this re- 
ported area of tumor seeding was ever truly evaluated 
pathologically. 

In the MGH series [22] follow-up imaging demon- 
strated an anterior abdominal wall mass with inflam- 
matory changes, which was initially thought to repre- 
sent a tract seeding or recurrence. However, this mass 
was excised surgically and was found to only be an 
area of acute and chronic inflammation with histio- 
cytes on pathologic anaylsis but no evidence of malig- 
nancy. Although we cannot definitively say that there 
is no risk, it appears that the risk of tract seeding, if 
present, is exceedingly low. 


Comparisons of RFA with other nephron-sparing 
techniques 


Very little has been written directly comparing RFA 
with other nephron-sparing techniques, including 
cryoablation, laparoscopic PN, and open PN. Kun- 
kle et al [50] published a meta-analysis comparing the 
published literature on the results of RFA, cryoabla- 
tion, PN, and active surveillance. Across a total of 99 
studies, the mean ages of the patients undergoing the 
various treatments were 60.1 years for PN, 67.2 years 
for RFA, 65.7 years for cryoablation, and 68.7 years 
for active surveillance. Mean tumor size for PN was 
3.4 cm, 2.69 for RFA, 2.56 for cryoablation, and 3.04 
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for active surveillance. From a utilization perspective, 
these data indicate that older patients are undergoing 
the less invasive approaches of RFA and cryoablation, 
however, patients with slightly larger tumors are being 
selected for PN. 

The authors of this study conclude that the rates of 
local recurrence in RFA and cryoablation are greater 
than for PN. They report that across the 99 studies, 
the rates of recurrence are 2.6% after PN, 4.6% af- 
ter cyroablation, and 11.7% after RFA. However, the 
authors define recurrence as any lesion with evidence 
of local disease persistence at any time point after ab- 
lation. As Raman and Caddedu [51] point out in a 
letter to the editor of the Journal of Urology in review 
of this article, this definition does not account for the 
potential finding of residual disease on the initial one 
month CT scan after RFA. In assessing RFA, many 
authors differentiate the findings of residual disease 
from recurrent disease. The grouping of residual and 
recurrent disease, as done in this meta-analysis will 
severely overinflate the actual recurrence rate in the 
reviewed studies. 

This notion of residual disease raises an interest- 
ing point. With percutaneous ablative techniques, any 
residual disease can be reablated during a separate visit 
without a significant increase in technical difficulty or 
patient morbidity. In fact, with some larger tumors 
the RFA treatment may be planned in a staged manner 
such that a repeat RFA is peformed within weeks of 
the initial treatment. This certainly is a novel approach 
to oncologic control, however, there is no evidence 
that there is a resultant increase in the development of 
metastatic disease. In fact, Kunkle’s meta-analysis did 
not demonstrate any difference in the risk of devel- 
oping metastatic disease between RFA, cryoablation, 
and PN. 

Stern et al [52] compared the outcomes of pa- 
tients undergoing laparoscopic PN, open PN, laparo- 
scopic RFA, and percutaneous RFA for cT1 a tumors 
(<4 cm). In a total of 37 patients with PN and 40 
with RFA, there were three treatment failures in the 
RFA group and two recurrences in the PN group. The 
treatment failures in the RFA group included one in- 
complete ablation, which was reablated and remained 
recurrence-free at 42 months and two recurrences, one 
of which was successfully reablated and the other who 
underwent nephrectomy. The two recurrences in the 
PN group were a tumor in the contralateral kidney 
and an enhancing lesion adjacent to the previous tu- 
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mor bed. In those tumors that were pathologically 
confirmed as RCC, the 3 year recurrence-free survival 
was 91.4% for RFA and 95.2% for PN. These rates 
were not statistically significant and demonstrate that 
RFA may have a similar rate of successful disease con- 
trol in small renal masses as compared with PN, which 
must be taken as the gold standard for any nephron- 
sparing approach. 

An additional aspect of comparison of any new 
method of treatment, is cost. It appears to be not 
only intuitive but also in actuality that the less in- 
vasive approach of RFA that is largely performed on 
an outpatient basis under conscious sedation is signif- 
icantly less costly than PN. Lotan and Cadeddu [53] 
performed a cost comparison between RFA and PN, 
assessing acute care costs between the two procedures. 
RFA demonstrated a significant reduction in cost as 
compared with laparoscopic and open PN. This cost 
savings was in excess of $2500 and was largely ac- 
counted for by the difference in length of stay (LOS). 
RFA had a LOS of 0.5 days, which was significantly 
lower than that for laparoscopic PN (1.86 days) and 
open PN (4.94 days). Interestingly, there was no sig- 
nificant difference in costs between laparoscopic and 
open PN. It appears that the difference in LOS is offset 
by the greater operative costs of laparoscopic PN. 

Pandharipande et al [54] performed a cost- 
effectiveness analysis comparing RFA and PN for 
small renal masses using a decision-analytic Markov 
model that was developed to assess life expectancy 
and lifetime costs for a 65-year-old man with a small 
renal mass. The life expectancy gained from PN vs. 
RFA in this analysis was only 2.5 days. The cost 
savings, however, was significant. Compared with 
RFA ablation, the incremental cost-effectiveness ratio 
of PN relative to RFA was $1,152,529 per quality- 
adjusted life-year (QALY). This striking amount cer- 
tainly exceeds the assumed societal willingness to pay 
of $75,000 per QALY and demonstrates that from a 
cost-effectiveness perspective, RFA may be advanta- 
geous PN. 

These two cost-analyses demonstrate the advan- 
tages of RFA from a financial standpoint. However, 
it must be reiterated that until true comparative long- 
term recurrence and survival data are available, sur- 
gical resection of the tumor must be held as the 
standard of care and should remain as such in a 
young, healthy surgical candidate with a small renal 
mass. 


Present status and potential future of a combined 
therapeutic approach 


It would be attractive if the combination of RFA with 
some other therapeutic modality could improve tu- 
mor response and hence outcomes. Such investigations 
have been largely done thus far in experimental ani- 
mal models. Ahmed et al [55] compared the effects of 
RFA alone and RFA in combination with intravenous 
liposomal doxorubicin, administered 30 minutes after 
RFA in rabbit kidneys. Induced coagulative necrosis 
in the target tissues were compared between the ex- 
perimental groups. The authors found a significant in- 
crease in the zone of coagulation necrosis in the RFA 
group, which had been followed by the liposomal dox- 
orubicin. 

Hines-Peralta et al [56] investigated the effect of 
the combination of RFA and preoperative intraperi- 
toneal arsenic trioxide administration in a human 
RCC model in nude mice. Mean tumor blood flow and 
resultant coagulation necrosis were assessed. Treat- 
ment with arsenic trioxide resulted in a significant de- 
crease in RCC tumor blood flow. Although there was 
also a decrease in normal renal blood flow, the de- 
crease in tumor flow was significantly greater. Treat- 
ment with arsenic trioxide resulted in a greater de- 
gree of coagulation necrosis in tumors as compared 
with that in controls. Furthermore, there was a posi- 
tive dose-dependent relationship in coagulation necro- 
sis seen in treated animals. This dose-dependent in- 
crease in coagulation necrosis correlated with the 
dose-related changes in tumor blood flow that were 
also observed. The most intense effect of combined 
treatment was observed when the arsenic trioxide was 
delivered 1 hour before RFA. At 6 hours, this com- 
bined effect began to diminish and after 24 hours the 
effect became negligible. These results certainly raise 
an interesting question about the potential benefits of 
combination therapy of RFA with arsenic trioxide or 
another agent that affects tumor blood flow. 

Hakimé et al [57] further investigated this notion of 
combination therapy. This study randomly assigned 
three groups of six nude mice to receive 80 mg of so- 
rafenib, 20 mg of sorafenib, or placebo. Sorafenib, a 
Raf kinase inhibitor and inhibitor of the vascular en- 
dothelial growth factor (VEGF) receptor is a known 
antiangiogenesis inhibitor used in the treatment of 
RCC [58]. The authors demonstrated that there was 
a significantly greater degree of tumor coagulation 
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necrosis after RFA in the groups treated with so- 
rafenib as compared with controls. Similar to that seen 
with arsenic trioxide as described above, this increase 
in coagulation necrosis occurred in a dose-dependent 
relationship. By histologic analysis, the authors also 
demonstrated a significant reduction in tumor mi- 
crovascular density in the sorafenib treated animals 
and further revealed that this reduction also occurred 
in a dose-dependent fashion. These findings again sug- 
gest that combined therapy of RFA with an angiogen- 
esis inhibitor or an agent that reduces tumor blood 
flow may improve the effectiveness and efficiency of 
tumor coagulation. This notion may hold practical 
implications for the treatment of larger tumors, such 
that these may be treated more safely and/or more ef- 
ficiently with fewer treatment zones. Of course, these 
preliminary findings in animal models can only sug- 
gest the potential clinical applications and must be 
properly investigated in human trials. 


Radiofrequency ablation of localized 
prostate adenocarcinoma 


The vast majority of the experience of RFA in geni- 
tourinary oncology has been in the treatment of RCC. 
However, there have been a few investigative reports 
into the potential application of RFA in the manage- 
ment of localized prostate cancer. Djavan et al [59]. 
reported on the use of transperineal RFA of localized 
prostate cancer under transrectal ultrasound (TRUS) 
guidance. Ten men scheduled for radical prostatec- 
tomy underwent transperineal RFA, followed by rad- 
ical prostatectomy 1-7 days later. All patients had a 
zone of treatment in each lateral lobe. One patient 
had a third zone of treatment. No immediate compli- 
cations were reported and all were performed under 
spinal anesthesia. Endorectal coil MRI was performed 
prior to radical prostatectomy and histological exam- 
ination. 

On MRI, the RFA lesions were clearly visible on T1- 
weighted images with gadolinium enhancement and 
no abnormalities were noted in the rectum, neurovas- 
cular bundle, or external sphincter on any patient. 
Histologic examination revealed that in 7/10 patients 
the region of cancer was totally or partially within the 
zone of ablation, however, the goal of this study was 
not to localize the actual area of tumor but to demon- 
strate feasibility of the technique and the postoperative 
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imaging by MRI. Pathologic analysis did demonstrate 
that the area of ablation was accurately identified by 
MRI. 

This same group reported on 14 patients treated 
with transperineal RFA to the prostate prior to rad- 
ical prostatectomy [60]. One additional patient only 
underwent RFA and no additional treatment for his 
prostate cancer. No technical problems occurred dur- 
ing ablation and no complications were reported from 
treatment. During treatment, it was evident that the 
RFA energy interfered with the TRUS images, thus 
impeding the optimal visualization of the prostate. 
Furthermore, pathologic analysis revealed that the ul- 
trasound images during treatment did not accurately 
correlate with the true zone of ablation. These findings 
question the ability of ultrasound to accurately guide 
RFA of the prostate. 

Shariat et al [61]. reported on the treatment of 11 
patients with localized prostate cancer using TRUS- 
guided RFA to the prostate. Eight patients had local 
recurrence of disease after prior failed external beam 
radiation (XRT) and 3 patients were not considered 
to be candidates for primary curative therapy. Patients 
were followed prospectively for a median follow-up of 
20 months (3-38 months range). They underwent se- 
rial PSA testing and DRE, and were assessed for void- 
ing symptoms, uroflow and postvoid residual. Repeat 
12-core biopsies were performed at 6 and 12 months 
postablation. 

In two patients the procedure was aborted due 
to increasing rectal temperatures. No major com- 
plications were reported, however, two patients ex- 
perienced gross hematuria, one patient had bladder 
spasms, and one patient had dysuria. Ninety percent of 
patients demonstrated a decrease in PSA of over 50% 
and treated areas demonstrated extensive coagulation 
necrosis on repeat biopsy. Six out of eleven patients 
overall demonstrated no cancer in repeat biopsies at 
6 months, and 5/9 patients had no cancer on repeated 
biopsy at 12 months postablation. There were no sig- 
nificant changes on any aspects of the validated ques- 
tionnaires used to assess lower urinary tract symptoms 
(LUTS). 

Unlike RFA in RCC, RFA in prostate cancer is only 
starting to be investigated. Although no major short- 
term complications occurred in these limited studies, it 
is not clear as to what longer term or short-term com- 
plications may occur in a larger cohort with a more 
prolonged follow-up time. It is also concerning that 
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even in the small series discussed above there were a 
significant number of patients who had residual can- 
cer on repeat biopsies. This questions the ability of this 
technique to effectively treat the whole gland and thus 
the entirety of tumor present. As a potential localized 
therapy for treating only the tumor within the gland, 
one of the major barriers to RFA for prostate cancer 
is that our ability to effectively and accurately image 
foci of prostate cancer within the gland is inadequate 
at this point in time. Only until we can accurately 
demonstrate where cancer lies within the gland by 
imaging, can we then consider such a localized ther- 
apy adequate treatment for adenocarcinoma of the 
prostate. 


Conclusion 


RFA is a relatively new but promising technique for 
localized treatment of tumors and certainly does and 
will continue to play a significant role in the treatment 
of genitourinary malignancy. In RCC, this method ap- 
pears to be safe and effective in appropriately selected 
renal masses that are amenable to a nephron-sparing 
technique. Although surgical resection still remains 
the standard of care in good surgical candidates, it ap- 
pears from the literature that RFA can achieve similar 
oncologic outcomes at least by intermediate to early 
long-term follow-up. The use of RFA in other geni- 
tourinary cancers remains very much investigational 
and will need further development in the future if it is 
to become clinically applicable. 
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Introduction 


Photodynamic applications in urology use the interac- 
tion of light with a photosensitizing agent to produce 
an effect that can be used for diagnosis or treatment 
of different conditions, including cancer. 

Photodynamic therapy (PDT) uses directed light of 
a specific wavelength to activate a photosensitizing 
drug. The activated drug reacts with molecular oxy- 
gen to produce reactive oxygen species, which are di- 
rectly responsible for tissue damage. There is a delay 
between drug administration and light delivery (the 
drug light interval), which varies from minutes to days 
depending upon the photosensitizer used and the tis- 
sue to be treated. The photosensitizing drug can be 
given topically for superficial treatment, e.g., for skin 
cancers or intravesically for bladder cancer, or system- 
ically in the treatment of solid organ tumors such as 
prostate or renal cancer. The light is often produced 
by a laser and directed using optical fibers, which, for 
interstitial treatment, are commonly positioned with 
the aid of real-time imaging. The light dose used to 
activate the drug is much less than when lasers are 
used to destroy tissue by heating. 

For a photodynamic effect to occur, the photosen- 
sitizer, light, and oxygen must be present in the tis- 
sue in sufficient amounts [1]. For systemically admin- 
istered photosensitizer, distribution throughout the 


body occurs, with different concentrations in differ- 
ent organs over time. This can be exploited therapeu- 
tically by choosing the time of light delivery when 
maximal differentiation of photosensitiser concentra- 
tion between the tissue to be treated and other tis- 
sues occurs. Some photosensitizers may show selec- 
tivity between tumor tissue and normal tissue of the 
same organ. A side effect of systemic administration 
is that the photosensitizer may accumulate in the 
skin or eyes where it can be activated by sunlight 
or indoor lighting, causing a "sunburn" type reac- 
tion. Precautions against this must be taken, in the 
form of protective clothing and customized glasses, 
which, for some photosensitizers, are required for a 
few weeks. However, there are now photosensitizers 
in development that show rapid clearance from the 
body (minutes to hours), which make such precautions 
unnecessary. 

Photodynamic diagnosis involves the differential ac- 
cumulation of a fluorescent agent in tumor tissue, 
compared to surrounding normal tissue. Many flu- 
orescent agents used for diagnosis are also photosen- 
sitizers suitable for photodynamic therapy. Fluores- 
cent agents can either be endogenous or exogenous, 
and are usually best visualized by light of a specific 
wavelength, e.g., the blue light (380-450 nm) used to 
see accumulation of PpIX following administration of 
hexaminolevulinic acid in bladder cancer. 
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Definitions 


It is helpful to begin with some definitions of different 
aspects of photodynamics: 


Photosensitizer 


A compound that is excited by light of a specific wave- 
length, in the presence of oxygen, to give a photody- 
namic effect. 


Drug light interval 


The length of time between drug administration, and 
light activation. This can vary from minutes to days, 
depending on whether the photosensitizer is activated 
in the vasculature, or whether it has had time to accu- 
mulate preferentially in the target tissue. 


Light source 


The source of low power light used to activate a pho- 
tosensitizer. This is often a laser (single wavelength 
light), but could be as simple as a desk lamp. 


Laser (light amplification by stimulated emission of 
radiation) 


Light of single wavelength (monochromatic), which 
is in phase, and can remain collimated (focused) over 
travel for long distances. It can be carried by opti- 
cal fibers to allow illumination of solid organs, more 
easily and efficiently than nonlaser light. 


Optical fibers 


These are used to deliver the light source from a laser 
to the treatment volumes. They can be classified as 
bare ended fibers, where the light is emitted from the 
end of the fiber, like a torchlight; or cylindrical dif- 
fusers, where the light is emitted along a defined dis- 
tance, e.g., 3 cm, at the end of the fiber, like a strip 
light. 


Phototoxicity 


This refers to unwanted photodynamic effects of a 
photosensitizer, and is usually taken to mean the un- 
intended activation of a photosensitizer in the skin, 
leading to a sunburn like reaction. 


PHOTODYNAMIC THERAPY 


History 


Phototherapy is the use of light in the treatment of 
disease, and it encompasses photochemotherapy (the 
use of light in combination with a drug) and photo- 
dynamic therapy (which requires a drug to be acti- 
vated by light in the presence of oxygen). The ben- 
eficial effect of light has been known for centuries. 
Hippocrates formalized the use of phototherapy or 
heliotherapy, using sunbaths to build up wasted mus- 
cles, using a blanket as a protective head covering. 
A common contemporary use of phototherapy is in 
the treatment of neonatal hyperbilirubinemia, where 
light is used in two ways—for photosolubilization (the 
conversion of bilirubin to more soluble isomers) and 
photofragmentation (photo-oxidation of bilirubin to 
colorless soluble products). 

In ancient India, an early form of photochemother- 
apy was used as a treatment for vitiligo. The leaves 
of the plant Psoralea coryfolia were eaten, and the 
patient then sat in the sunlight. It is now known that 
this plant contains furocoumarins, which are currently 
used as photochemotherapeutic agents in the treat- 
ment of psoriasis, when they are activated by ultravi- 
olet light. Furocoumarins work by intercalating into 
DNA and then, when excited by ultraviolet light, re- 
act with DNA bases, which prevent the proliferation 
of the rapidly dividing cells that give rise to psoriatic 
plaques. 

Photodynamic therapy is a form of pho- 
tochemotherapy that requires oxygen. In 1903, Niels 
Ryberg Finsen, was awarded the Nobel prize for his 
work using photodynamic therapy in the treatment of 
lupus vulgaris, a tubercular skin condition common in 
Nordic countries. 

The first modern scientific experiment with pho- 
todynamic therapy was performed by Oscar Raab, 
a medical student, and his supervisor Hermann Von 
Tappeiner in 1897 [2]. They observed that paramecia 
given the biological dye acridine survived ten times 
longer during a heavy thunderstorm than during an 
identical experiment at a different time. They con- 
cluded that the prolonged survival was due to the re- 
duced light exposure during the storm. Further work 
revealed that oxygen was also necessary for a photo- 
dynamic effect to work [1]. 

In 1902, Von Tappeiner and Jesionek reported ex- 
periments in which tumors were treated with topi- 
cal eosin and visible light. Von Tappeiner went on to 
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publish a book of papers on PDT, including the use 
of topical photosensitizer to treat patients with basal 
cell carcinoma, and other skin diseases [3]. 

There were no further clinical reports of PDT until 
the early 1960s when Lipson showed that hemato- 
porphyrin accumulated preferentially in tumors, and 
emitted a red fluorescence. The treatment of a recur- 
rent breast tumor was then mentioned in a meeting 
abstract "Hematoporphyrin derivative for the detec- 
tion and management of cancer," but later, the paper 
of the same title only discussed the use of hematopor- 
phyrin derivative (HpD) in diagnosis [4,5]. 

In 1978, Dougherty and colleagues published a pa- 
per documenting the first clinical case series of PDT 
for cancer [6]. Using HpD they treated 25 patients 
with a range of subcutaneous or cutaneous metastatic 
tumors, including breast, colon, prostate, and skin, 
and declared that "no type has been found to be un- 
responsive." 

The first approved use for PDT was in 1993 when 
hematoporphyrin derivative, under the trade name 
Photofrin, was approved for the treatment of recur- 
rent superficial bladder cancer in Canada. Since then 
a variety of different compounds have been approved 
for use in a number of cancers, both localized and 
advanced, in different countries. These include most 
skin cancers (although not malignant melanoma), dys- 
plasia and cancer of the esophagus, airways, and 
mouth. PDT is also used in a number of other 
diseases, which range from arterial stenosis and en- 
dometrial hyperplasia to psoriasis and other skin 
conditions. PDT using Visudyne (a benzoporphyrin 
derivative monoacid ring A — BPD-MA) has been ap- 
proved worldwide for use in some types of age related 
macular degeneration. To date, this is the most suc- 
cessful commercial application of PDT [7]. 


Basic science 


The mechanism of action of PDT is complex, and dif- 
fers between different photosensitizers and different 
treatment schedules. There are two types of reaction 
that contribute to the PDT effect. These are shown 
schematically in Plate 6.1. 

The photosensitizer is administered in a stable form 
(ground state). It is then promoted to a higher energy 
state by light of a specific wavelength. The excited 
photosensitizer (singlet state) is then unstable and can 
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release energy in one of 3 ways—emission of heat, 
emission of light (fluorescence), or conversion to an 
intermediate energy state (triplet state), before return- 
ing to stable ground state. In triplet state, the pho- 
tosensitizer can either undergo photodegradation, or 
undergo either a type 1 or type 2 reaction. In a type 
1 reaction, the photosensitizer reacts with the tissue 
to produce hydroxyl or superoxide radicals. In a type 
2 reaction, the photosensitizer reacts with molecular 
oxygen to produce highly reactive singlet oxygen. The 
singlet oxygen, in turn, reacts with proteins, lipids, 
and nucleic acids in cells causing functional and struc- 
tural damage that leads to cell death. Hydroxyl and 
superoxide radicals are also directly responsible for 
cell death, although it is thought likely that type 2 
reactions are more important for many of the photo- 
sensitizers [8]. 

The above reactions can be demonstrated in in vitro 
cell culture experiments. However, tumor models in 
animal studies have demonstrated that there are three 
main mechanisms by which cells are killed. First, direct 
cell damage by free radical oxygen, as discussed above. 
Second, damage to vasculature causing disruption of 
blood supply (Figure 6.1). Third, by indirect responses 
or responses to the initial PDT injury. This includes the 
release of cytokines and other inflammatory mediators 
that initiate an inflammatory response [9]. It is thought 
that an immune response to PDT may also contribute 
to its effect. This has been well described by Korbelik 
and colleagues [10]. 


Photosensitizing drugs 


There are a number of different photosensitizing drugs 
available, belonging to different classes of photosen- 
sitizer. These vary in their drug light interval, mech- 
anism of action, route, and timing of clearance from 


the body. 


Hematoporphyrin and hematoporphyrin derivative 


Hematoporphyrin was one of the first photosensitiz- 
ers. It is made by treating powdered blood with sulfu- 
ric acid. However, it is difficult to make it in a chem- 
ically pure form, and so hematoporphyrin derivative 
(HpD) was developed, which is a mixture of com- 
pounds derived from hematoporphyrin. These com- 
pounds are characterized by the presence of the por- 
phyrin tetrapyrrole structure. HpD absorbs light at 
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Fig 6.1 Schematic diagram of the effect of photodynamic therapy on tumor vasculature. 


both 400 nm and 630 nm. The longer wavelength 
of light (630 nm, which is in the red region of the 
visible spectrum) is used to activate it, as the longer 
wavelength is able to penetrate tissue more deeply. 
HpD causes skin photosensitivity that can persist for 
several weeks. Fraction D of HpD is the most biologi- 
cally active fraction; this is marketed as Photofrin and 
Photosan. In the 1980s the search began for alterna- 
tive photosensitizers, which could be manufactured in 
a pure form, with less skin photosensitivity. 


Chlorins 


Chlorins have a porphyrin skeleton with one reduced 
double bond. They are stronger absorbers of red light 
than the hematoporphyrins, and so can produce a 
greater photodynamic effect for a given light dose. 
Meta-tetrahydroxyphenyl chlorin (mTHPC) (temo- 
porfin, marketed as Foscan) has been used in pho- 
todynamic therapy for prostate cancer. Its maximal 
absorption occurs at 652 nm, which penetrates tissue 
more deeply than the 630 nm light used to activate 
HpD. The major disadvantage of temoporfin is the 
prolonged skin photosensitivity. 


5-amino levulinic acid 


Amino levulinic acid (5-ALA) is a prodrug that can be 
given either topically or systemically. 5-ALA is part 


of the endogenous haem synthesis pathway. When 
exogenous 5-ALA is administered, this causes excess 
production of a photoactive intermediate substance, 
protoporphyrin IX (PpIX). PpIX is the last substance 
in the chemical chain prior to the formation of haem. 
Although haem biosynthesis takes place in all nucle- 
ated cells, the amount of PpIX accumulated in differ- 
ent cell types following 5-ALA administration varies 
greatly. High quantities are found in epithelial lining 
tissues (urothelium, endothelium, mucosa of the GI 
tract), making 5-ALA a suitable photosensitizer for 
treatment of superficial lesions, e.g., Barrett esopha- 
gus, superficial bladder cancer, and skin tumors. PpIX 
is rapidly cleared from the body, so cutaneous pho- 
tosensitivity lasts for less than 48 hours. PpIX levels 
reach their peak 3-6 hours after administration of 5- 
ALA, so this is the best time for light activation. The 
activating wavelength is 635 nm. 


Phthalocyanines 


Aluminium disulfonated phthalocyanine (AIS2 Pc) is a 
purified phthalocyanine photosensitizer that is water 
soluble, with good fluorescence properties, excellent 
absorption at 675 nm, and little cutaneous photosen- 
sitivity [11]]. Photosens is a sulfonated aluminium ph- 
thalocyanine that has been used clinically in skin and 
lung cancers [12]. It has also been used for head and 
neck cancers [13,14]. 
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Hypericin 


Hypericin is a phenanthroperylenquinone derivative 
that is extracted from Hypericum plants, of which 
St John’s wort (Hypericum perforatum) is the com- 
monest example [15]. Hypericum is activated by light 
from 450 to 605 nm, with absorption peaks at 548 
and 590 nm. It is one of the photosensitizers that can 
accumulate preferentially in tumor tissue. Along with 
its fluorescent properties, it is suitable for photody- 
namic tumor detection, as well as PDT. 


Tin ethyl etiopurpurin (SnET2) 


This is also known as rostaporfin and Sn (IV) etiopur- 
purin. It is one of the purpurin photosensitizers, and 
was initially used in dog prostate PDT by Selman and 
colleagues [16]. Since the approval of PDT for age re- 
lated macular degeneration, it is being evaluated (un- 
der the name of rostaporfin) for this use [17]. It is ac- 
tivated by light of 664 nm. It is thought to selectively 
bind to plasma lipoproteins. The drug light interval 
used for ophthalmic work is 24 hours, although dif- 
ferent drug light intervals have been evaluated in the 
canine prostate work. 


Bacteriochlorophyll derivatives 


The palladium bacteriopheophorbides (WST-09, 
Tookad and WST-11, Tookad Soluble) are palla- 
dium substituted bacteriopheophorbides. WST-09 is 
lipophilic, with maximum absorption at 763 nm, 
and a high extinction coefficient of 105 in chloro- 
form [18]. WST-09 is activated while in the vascu- 
lar distribution stage. It is thought that this dam- 
ages tumor vasculature and causes subsequent necro- 
sis. Due to the lipophilic nature of WST-09, it needs 
to be given with Cremophor, a carrier, which has 
been associated with cardiovascular side effects. WST- 
11 is a water soluble bactereriopheophorbide, which 
does not require Cremophor, and is now replacing 
WST-09 in urological clinical studies. Since the pal- 
ladium bactereophephorbides are activated while in 
the vascular phase, both drug and light are given 
in a single session. This could allow treatment to 
be carried out in an ambulatory setting in one 
visit. As they are cleared rapidly from the blood, 
they have little cutaneous sensitivity after 3 hours 
[19]. 
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The ideal photosensitizer 


The ideal photosensitizer would have no toxicity in the 
dark, have a short drug light interval (to allow near 
simultaneous drug and light administration, within a 
single patient visit), be cheap to manufacture to high 
levels of chemical stability, and be simple to admin- 
ister. It would also be highly efficient, requiring low 
light, and drug doses to produce necrosis, and would 
absorb light most strongly at a long wavelength, e.g., 
in the near infrared range (700 to 850 nm), as longer 
wavelengths of light are able to penetrate tissue more 
deeply. Other desirable characteristics would be sim- 
ple pharmacokinetics, fluorescence that could be used 
to monitor drug levels, and rapid clearance from the 
skin. In addition, a photosensitizer that preferentially 
accumulated in the tissue to be treated, in comparison 
to surrounding normal tissue, would be highly advan- 
tageous. One way to increase this tumor selectivity 
would be to use monoclonal antibodies to deliver the 
photosensitizer. Such delivery systems are currently 
under development. 


Light sources 


The light sources used for PDT and photodynamic di- 
agnosis depend on the site to be treated or assessed. 
For superficial applications, e.g., genital warts, a sim- 
ple lamp- based light source can be used. When the 
light delivery fiber is not touching the target tissue, 
the light dose is expressed in Joules per square cm of 
the illuminated surface. 

For intravesical photodynamic diagnosis, it is nec- 
essary to use a light source with an adapted cysto- 
scope, so that the urologist can alternate between 
white light for standard cystoscopy, and the wave- 
length of light required to detect fluorescence, e.g., 
blue light for heaminolaevulinic acid. For intravesical 
treatment, light delivery systems have been developed 
using a variety of balloon devices to distribute light 
evenly throughout the bladder. 

For interstitial treatments, optical fibers are used. 
These allow the transmission of laser light deep within 
a tissue, such as the prostate or kidney. Thin needles 
are inserted into the target tissue using image guidance 
(e.g., with ultrasound, CT, or MRI), and the laser 
fibers inserted through the needles. When a bare ended 
fiber is used, the light dose is given in Joules per square 


centimeter; when a cylindrical diffuser is used, the light 
dose is given in Joules per centimeter. 


Bladder cancer 
Photodynamic diagnosis 


Bladder cancer is the fifth most common malignancy 
in Europe, and the fourth most common malignancy 
in the USA. The majority (95%) of bladder cancers 
are transitional cell carcinoma, which can be classi- 
fied into muscle-invasive and nonmuscle-invasive dis- 
ease. Muscle-invasive disease (T2 and greater) re- 
quires radical treatment, with either surgery, or radio- 
therapy, with or without neoadjuvant chemotherapy. 
Nonmuscle-invasive disease (T1, Ta, and carcinoma 
in situ (CIS)) can be treated with transurethral resec- 
tion and intravesical therapies, such as mitomycin-C 
and BCG. The two problems with nonmuscle-invasive 
bladder cancer are: (1) recurrence, which can occur in 
70% when no additional treatment is given post resec- 
tion; (2) progression, which is a particular risk with 
CIS. 

It is known that white light cystoscopy can miss 
small papillary tumors and flat urothelial tumors, in- 
cluding CIS. The timely treatment of such lesions, 
particularly carcinoma in situ, is important in reduc- 
ing progression and recurrence of nonmuscle-invasive 
bladder cancer. Photodynamic diagnosis of lesions 
that are difficult to detect with white light cystoscopy 
alone is of interest in increasing the sensitivity of cys- 
toscopy for such lesions. 

Photodynamic detection of bladder tumors, using 
PpIX formed from the precursor 5—5-ALA, or its 
derivative hexaminolevulinic acid, is recognized as a 
method to reveal areas suspicious for CIS, by the Euro- 
pean Association of Urology. Hexaminolevulinic acid 
is the commonest agent used for fluorescence diag- 
nosis in the bladder. It has a number of advantages 
over 5-ALA, such as a deeper penetration into the 
urothelium and a higher PpIX concentration at signifi- 
cantly lower prodrug concentrations [20]. Other drugs 
that have been investigated for fluorescence diagnosis 
of urothelial tumors are hematoporhyrin derivatives 
(HpD) and hypericin [21]. 

To date, there have been three randomized prospec- 
tive multicenter studies published that compare flu- 
orescence diagnosis with white light cystoscopy 
[22-24], as well as a large number of studies of other 
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designs. A number of studies in different centers have 
shown that the sensitivity of fluorescence-guided cys- 
toscopy is superior to white-light cystoscopy, with 
a mean sensitivity of 93% (range 82-97%) for 
fluorescence-guided cystoscopy, compared to a mean 
sensitivity of 73% (range 62-84%) for white light cys- 
toscopy [21]. It has been shown that there is a signif- 
icant reduction in the number of tumors seen at sec- 
ond look cystoscopy, following fluorescence-guided 
cystoscopy and resection when compared to white 
light alone [22,25-27]. Three studies have shown 
a reduction in recurrence rates at 24 months with 
fluorescence-guided resection compared to white light 
resection, with recurrence free survival of 40-88% 
vs. 28-64%, respectively [28-30]. Two studies did 
not show any difference in recurrence rates [22,31]. 
One study that reported the long-term outcome of 
initial T1 high-grade bladder cancer showed an im- 
provement in recurrence free survival for fluorescence- 
guided resection versus white light resection, with 
rates of 91% and 69% at 4 years, and 80% and 52% 
at 8 years, respectively. However, there was no sig- 
nificant difference in the number of patients in each 
group who progressed to muscle-invasive disease [32]. 


Photodynamic therapy 


PDT has been investigated as a treatment for 
nonmuscle-invasive bladder cancer, in an attempt to 
reduce both recurrence and progression. It can be used 
in bladder cancer in a number of ways. First, as a treat- 
ment for papillary lesions, using light directed at visi- 
ble lesions only. Second, as a whole-bladder treatment, 
where it is known that CIS is present. Third, in combi- 
nation with other treatments, such as the use of pho- 
tosensitizing drugs that act as radiosensitizing agents 
prior to whole-bladder radiotherapy. Last, PDT can be 
used in combination with well- established treatments, 
such as intravesial chemotherapy or immunotherapy. 

This was a report of a single patient given hemato- 
porphyrin derivative (HpD), activated with a mercury 
vapor lamp, and necrosis was noted, by Kelly in 1975 
[33]. As with other uses of PDT in urology, there have 
been advances in both photosensitizer and light deliv- 
ery systems. In terms of photosensitizers, the first to 
be used were the Hematoporphyrin derivatives. These 
penetrate into bladder muscle as well as mucosa and 
have therefore been associated with bladder fibrosis 
and contracture. HpD can be activated by 630 nm 
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light, which has tissue penetration of up to 1 cm. Al- 
ternatively, due to another absorption peak, it can be 
activated by 514 nm light, which has less tissue pen- 
etration (3-5 mm); so that at least theoretically this 
may lead to a lower incidence of bladder contracture. 

More recent work has been done with 5-ALA that 
has significant advantages over HpD (Table 6.1). The 
PpIX that is generated by exogenous 5-ALA is prefer- 
entially accumulated in mucosa, and is not seen in sig- 
nificant concentrations in bladder muscle. PpIX is also 
found in significantly higher concentrations in tumor 
compared to benign tissue and can be given topically 
by intravesical instillation. Further, it is not associated 
with skin photosensitivity when given intravesically. 
It can be given orally, although this is associated with 
cardiovascular side effects (tachycardia and hypoten- 
sion) in some patients. Clinical work has been carried 
out to assess different concentrations of 5-ALA to be 
used as an intravesical instillation. An instillation time 
of 4 hours provides good selectivity of PpIX concen- 
tration in malignant versus benign mucosa. 

Light delivery in the bladder poses a particular chal- 
lenge. For treatment of an individual lesion, a single 
fiber can be passed along a cystoscope and positioned 
at a suitable distance from the bladder wall, either 
under direct vision or with the aid of ultrasound guid- 
ance. For whole-bladder PDT, different systems us- 
ing an optical fiber within either a single- or double- 
layered bladder balloon, mounted on a catheter, have 
been developed. Some groups have tried using in- 
tralipid within the inner balloon, which acts to scatter 
light. This has the effect of a larger and more spheri- 
cal intravesical light source, which should give a more 
consistent light dose to the whole- bladder wall. One 
group has looked at delivering 5-ALA PDT using a 
flexible cystoscope under local anesthetic [37]. They 
found that the procedure was associated with bladder 
spasm and pain, which was in direct proportion to the 
5-ALA concentration. At an 5-ALA concentration of 
3%, this pain could be alleviated by passive diffusion 
of local anesthetic into the bladder; at the higher con- 
centration of 6%, electro motive diffusion (EMDA) 
was needed to give the required anesthetic effect to 
allow the procedure to take place without regional or 
general anesthesia This group found that, due to short 
term irritative bladder symptoms, the procedure could 
not be performed as a day case. 

In bladder PDT studies there are a number of pa- 
rameters that can be modified to alter the treatment 
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effect: the photosensitizer and its mode of adminis- 
tration, including the concentration and dwell time 
of intravesical instillations; the wavelength, delivery 
device, and total energy dose of the light source; the 
drug light interval, and importantly, the patient group 
studied. This makes comparison of different studies 
difficult. However, it seems that the lowest response 
rates for HpD PDT were for non-resected papillary 
tumors, with a response of 54%, with a response rate 
for CIS of 66-77% at 3 months, albeit with a 5-year 
recurrence rate estimated at 70% [40]. Most patients 
experienced post-PDT irritative symptoms and hema- 
turia, which could last for weeks. Overall rates for 
bladder contracture were 16% with reflux occurring 
in 24%. Around one in five patients experienced skin 
phototoxicity [41]. 

5-ALA PDT has undergone clinical trials in Ger- 
many, Belgium, Austria, and England [34-39]. Study 
protocols differ significantly, with inclusion criteria 
ranging from CIS alone to G1pTa disease, to a com- 
bination of CIS and T1 lesions. Most studies use red 
light (630 nm) to activate 5-ALA, although some use 
green light (514 nm), with light doses ranging from 15 
to 100 J/cm’. Three month complete response rates 
vary from 33% to 100% with recurrence free rates 
also varying between studies. Similar to HpD PDT, 
patients experience irritative symptoms in the initial 
posttreatment period. Again, CIS seems to have a bet- 
ter response rate than papillary tumors [40]. As pho- 
todynamic detection of bladder tumors, particularly 
CIS is now a well-established procedure in the uro- 
logical community, it may be that larger studies of 
therapeutic 5-ALA PDT may be undertaken. 


Prostate cancer 
Photodynamic therapy 


The first clinical report of PDT for prostate cancer 
was in 1990 by Windahl et al [42]. Two cases of 
the use of hematoporphyrin derivative and porfirmer 
sodium were described; each patient had prostate 
cancer diagnosed following transurethral resection 
of the prostate, and subsequently underwent a sec- 
ond resection to remove as much tissue as possible, 
prior to PDT. The photosensitizer was given intra- 
venously, and activated with a bare-tipped fiber in- 
serted transurethrally. Post-PDT biopsy did not show 
any evidence of recurrent or residual cancer; one 
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patient died from an undiagnosed lung tumor at 
6 months post-PDT; postmortem examination of the 
prostate did not show any evidence of prostate cancer. 

A number of groups then investigated PDT for 
prostate cancer using a benign canine prostate model. 
Chang and colleagues at University College London, 
UK assessed 5-ALA, AlS2 Pc, and mTHPC in the ca- 
nine model [43,44]; and concluded that mTHPC was 
the most promising of these photosensitizers for clini- 
cal work. Selman and colleagues in Philadelphia have 
carried out extensive work using SnET2 in the canine 
model, resulting in some of the more advanced soft- 
ware planning systems for prostate PDT [16,45,46]. 
However, this has not yet been carried into the clini- 
cal setting with this particular photosensitizer. Other 
photosensitizers assessed in the canine model include 
Porfirmer sodium [47,48], WST-09 [49], and motex- 
afin lutetium [50]. 

The next clinical report of prostate PDT to follow 
Windahls’ work was a study of mTHPC in recurrent 
prostate cancer following radiotherapy [51]. The dose 
of mTHPC was constant at 0.15 mg/kg, while the 
light dose varied between patients. An initial low light 
dose of 20 J/cm? was used in 5 patients. Small areas 
of devascularization were noted on contrast-enhanced 
CT scan a few days later, although no reduction in 
PSA was seen. The light dose was then increased to 50 
J/cm2, and 13 patients were given this higher dose, in- 
cluding four of the original five. The procedures were 
carried out using either ultrasound or open access MRI 
guidance, with a freehand transperineal approach. A 
combination of bare fibers were used, with a pullback 
technique, along with cylindrical diffusers. It was in- 
tended to treat selected areas of the prostate, based on 
biopsy and pretreatment imaging. Contrast-enhanced 
imaging showed a marked inflammatory response at 
2 to 5 days. Necrosis, as shown by areas of devascu- 
larisation, was patchy, but involved up to 49% of the 
prostate for a single lobe treatment, and up to 91% 
for a bilateral treatment. PSA decreased in nine out 
of fourteen patients, to undetectable levels in two pa- 
tients. All patients underwent flexible sigmoidoscopy 
to assess the rectal mucosa; in one patient a biopsy of a 
red patch was performed, and, following the biopsy a 
rectourethral fistula developed that required a defunc- 
tioning colostomy until the fistula had healed. Pre- 
clinical experiments had shown that the mechanical 
integrity of the rectum was maintained by the sub- 
mucosal collagen, which is not affected by PDT, even 
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when there was rectal mucosal damage. As this patient 
did not have any evidence of fistula in the first month 
post-PDT, it seems that it was the inclusion of submu- 
cosal collagen in the biopsy, along with a red patch 
of mucosa, which led to fistula formation. Temporary 
stress urinary incontinence was seen in two patients 
with acute urinary retention in three patients. 

The same group at University College London also 
carried out a pilot study using mTHPC in previously 
untreated men with prostate cancer [52]. This study, 
of ten treatments in six patients, used the same drug 
dose (0.15 mg/kg) with a drug light interval that var- 
ied from 3 to 5 days. Again, a combination of bare 
tip and cylindrical diffusers were used, with a light 
dose of up to 1800 J per lobe. Each treatment was 
confined to a single lobe only. Volumes of necrosis of 
up to 51 cubic cm were seen. Side effects were less 
serious in this group, with two treatments associated 
with catheterization for 9 and 19 days, respectively, 
and all patients having irritative voiding symptoms 
for up to two weeks. PSA levels were reduced in eight 
out of ten. mTHPC is associated with prolonged skin 
sensitivity, requiring protection of the skin and eyes 
for up to six weeks. In addition, the drug light in- 
terval of days means that separate hospital visits are 
required for drug and light administration. Due to 
financial difficulties of the company that was devel- 
oping this drug, no further work in the prostate has 
been reported. However, it is a well-established pho- 
tosensitizer in other fields, particularly head and neck 
cancers [53,54]. 

Zaak and colleagues have assessed the use of 5- 
ALA PDT for prostate cancer [55]. Initial drug dis- 
tribution work with oral 5-ALA (20 mg/kg) given 4 
hours prior to radical prostatectomy showed preferen- 
tial localization of PpIX in prostate cancer compared 
to benign tissue. This was followed by a study of six 
men who underwent PDT in which one then went 
on to have radical prostatectomy. Histological exam- 
ination showed necrosis at the site of fiber insertion. 
Of the five other men, there was no report of post- 
PDT imaging or biopsy, although PSA reductions were 
noted. 

Motexafin lutetium (MLu, LuTex) has been used 
in patients with recurrent prostate cancer following 
radiotherapy [56-58]. A total of 17 patients have 
been treated, with drug dose escalation from 0.5 to 
2 mg/kg, given intravenously, and light doses being 
escalated from 25 to 150 J/cm. The drug light interval 


varied from 3 to 24 hours. It was intended to deliver 
whole-prostate treatment, with the use of computer- 
aided light dose planning. Posttreatment imaging is 
not reported. Negative biopsies were seen in three 
of fourteen patients. Detailed analysis of PSA kinet- 
ics showed that, after a transient post procedure rise, 
a reduction of PSA in comparison to pre-PDT levels 
only occurred in those receiving high-dose PDT using 
2 mg/kg MLu, 150 J/cm and the shortest drug light 
interval of 3 hours. Toxicity seemed to be limited to 
grade I or II urinary symptoms. 

The palladium bacterioopheophorbide family 
(WST-09, Tookad, padoporfin and WST-11, Stakel, 
padeliporfin) has been investigated in both Europe 
and Canada. The Canadian study [19,59-61] assessed 
WST-09 (Padoporfin, Tookad) in men with prostate 
cancer recurrence following radiotherapy. Following 
initial dose escalation work, a drug dose of 2 mg/kg, 
given as an intravenous infusion, was established. A 
light dose of 360 J/cm was also established, following 
light dose escalation. Computer planning software, 
based on average optical properties, was developed in 
order to generate a pre-PDT treatment plan based on 
MRI imaging. Posttreatment contrast-enhanced MRI 
and biopsy at 6 months showed a complete response 
in 60% of the men who had received the highest drug 
and light dose. Two patients developed rectourethral 
fistulae and 1 patient was reported to show intraoper- 
ative hypotension. 

The same photosensitizer has been used in Europe 
in men with previously untreated prostate cancer. Full 
results have not been reported, although initial reports 
[62] have suggested that it is possible to create defined 
lesions in the prostate by modification of the light 
dose, with optimal treatment conditions being a drug 
dose of 2 mg/kg, a light dose of 200 J/cm with light de- 
livery begun during drug infusion. Formal studies [19] 
showed that skin phototoxicity could not be detected 
3 hours after the procedure. This, along with a short 
drug light interval allowing drug and light delivery in 
a single session, represents significant advantages over 
traditional tissue-based photosensitizers. Tookad is a 
lipid soluble drug that requires a Cremophor-based 
formulation for intravenous administration; a newer 
member of the same family, Tookad Soluble, is a wa- 
ter soluble formulation, which does not require Cre- 
mophor. It is currently being investigated by the Eu- 
ropean and Canadian groups in men as a first-line 
treatment for prostate cancer. 


PHOTODYNAMIC THERAPY 


A summary of the clinical work in this area is shown 
in Table 6.2. 


Renal cancer 


Photodynamic techniques have been assessed in a 
number of different roles in renal cancer. First, as a 
fluorescent diagnostic technique to help ensure clear 
margins in nephron-sparing tumor resection. Second, 
as PDT using a laparoscopic approach. Third, as a 
pretreatment sensitiser to allow effective radiotherapy 
treatment. Each of these aspects has undergone early 
studies, and will be reported briefly here. 


Photodynamic diagnosis 


Popken and colleagues report the use of 5-ALA to 
detect the outer border of renal cell carcinoma in an 
animal model and in a clinical study [63]. The animal 
model used subcutaneous and orthotopic implants of 
human RCC in the subcapsular region of the kidney 
in nude mice. 5-ALA was administered orally or intra- 
venously, and given between 30 minutes and 6 hours 
prior to light delivery. All tumors showed fluores- 
cence, with maximum fluorescence at 1.5 hours af- 
ter intravenous administration of 200 mg/kg 5-ALA, 
and 4 hours after oral administration of 400 mg/kg 
5-ALA. 

A clinical study of nine patients with peripheral re- 
nal tumors of <4 cm, used 20 mg/kg 5-ALA given 4 
to 6 hours prior to retroperitoneal organ preserving 
tumor resection. The mobilized kidney, prior to re- 
section, the tumor and the postresection site were all 
examined for fluorescence. There was no fluorescence 
of the surface of the mobilized kidney, with eight out 
of nine resected tumors showing good fluorescence, 
and clear demarcation between the tumor and sur- 
rounding healthy tissue. No fluorescence was detected 
in the postresection site. The only side effect in the 
clinical study was a transient increase in liver enzyme 
values. Whether this technique would give additional 
benefit to the patient over standard techniques for de- 
termining the resection limits of a tumor would need 
to be assessed in further clinical studies. 


Photodynamic therapy 


A vascular acting photosensitizer, WST-09, or 
Tookad, has been assessed in a small study using a pig 
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CHAPTER 6 


model of healthy renal tissue [64]. A laparoscopic ap- 
proach was used, with a modified laparoscopic light 
source. Following intravenous administration of the 
photosensitizer at 0.5 or 1 mg/kg, 763 nm light was 
delivered to the tumor at a dose of 100 or 200 J/cm. 
Two animals died within minutes of the infusion, and 
a further animal was sacrificed prior to drug infusion 
due to an inadvertent bowel injury. Four remaining 
animals underwent the full PDT procedure and sub- 
sequent evaluation with CT, arteriography, pyelog- 
raphy, and EDTA renography, followed by sacrifice 
and histological evaluation. There was no evidence of 
urine leakage or effects outside the tumor on any of 
the post-PDT imaging. Histology showed necrosis of 
glomeruli with significant hemorrhage and thrombo- 
sis of the capillary loops. Significantly, necrosis was 
not complete in the center of the lesion. As there was 
some evidence of a dose response effect, it may be that 
increasing the drug or light dose may lead to more ho- 
mogenous lesions. In addition, it is possible that tumor 
tissue may be more sensitive than normal renal tissue. 
Further studies using this family of photosensitizers 
are awaited. 

As renal cell carcinoma is known to be radioresis- 
tant, and some photosensitizers appear to show some 
effect in increasing the sensitivity of tumors to ra- 
diotherapy, one group has assessed the potential of 
hypericin as a radiosensitizer and photosensitizer in 
an in vitro model. Wessels and colleagues [15], incu- 
bated renal cell derived cell lines with hypericin and 
confirmed the uptake and intracellular distribution 
with fluorescence microscopy. They then established 
that hypericin PDT led to a reduction in metabolic 
activity of 94-97%, and that the effects of incuba- 
tion with hypericin prior to irradiation with 2-8 Gy 
led to a significant reduction in clonogenic survival. 
This work has not yet been replicated in a preclinical 
model, but would be an interesting area for further 
research. 


Future directions 


There are a number of potential ways in which pho- 
todynamic therapy may be developed in the future. 
These can be divided into advances in photosensitiz- 
ers, light delivery systems, and treatment planning and 
evaluation. 
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Photosensitizers 


Some groups are assessing the linkage of monoclonal 
antibodies to photosensitizers in order to improve the 
tumor specificity of the PDT effect. However, this can 
lead to a heterogeneous effect within the tumor, due 
to heterogeneous distribution of the antibody target 
throughout the tumor. In addition, the linked anti- 
body may reduce the effectiveness of the photosen- 
sitizer, and so careful evaluation of each antibody- 
linked compound is required, in both preclinical and 
clinical models. 

Other groups are looking to increase the effective- 
ness of photosensitizer by adaptation of established 
photosensitizers, for example, the work done with 5 
5-ALA esters and pegylated mTHPC. Again, each new 
version requires extensive testing before it is known 
whether the potential advantages will be realized in 
clinical practice. 


Light delivery systems 


The light dose for PDT can be varied by varying the 
total light dose, the light dose per unit volume or area, 
and the rate at which the light dose is given. In addi- 
tion, some groups have looked at giving the light dose 
in a fractionated manner, e.g., a few seconds on and 
a few seconds off, in order to allow recovery of tis- 
sue oxygen in between light fractions. This has been 
shown to result in an increase in PDT effect in experi- 
mental models [65,66]. One group assessed the effect 
of giving the light dose in two fractions, for a single 
drug dose, using the first light fraction to activate the 
photosensitizer in the vascular phase, and the second 
fraction to activate the photosensitizer when it has ac- 
cumulated in the tissue [67]. Again, this resulted in an 
increased PDT effect when compared to either light 
dose given alone. 


Treatment planning and monitoring systems 


The complex nature of PDT, which requires sufficient 
amounts of drug, light, and oxygen to be present at the 
same time, and each element of which can be "used 
up" during the treatment period, has led some to look 
at complex real-time treatment modification devices. 
For example, a group at the University of Lund, Swe- 
den, are looking at real-time monitoring of photo- 
sensitizer, light, oxygen, and temperature within the 


prostate during mTHPC-mediated PDT, with modifi- 
cation of the light dose throughout the treatment time, 
in order to maximize PDT effect [68]. Clinical results 
are awaited from this work. Another group has done 
extensive modeling in the canine prostate model, and 
was able to predict necrosis to within 2 mm [69]. This 
work used the photosensitizer tin etiopurin, which has 
not been used in any clinical studies of prostate cancer 
to date. 


Conclusions 


The most highly developed applications of photody- 
namic techniques in urology are photodynamic detec- 
tion of bladder cancer and photodynamic therapy for 
prostate cancer. Further research is ongoing, partic- 
ularly in photodynamic therapy for prostate cancer, 
although also in other urological malignancies. 
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Introduction 


“Nanomedicine,” or the application of nanotechnol- 
ogy to medicine, is a rapidly growing field that has 
benefited greatly from our increasing ability to man- 
ufacture from the “top-down” or self-assemble from 
the “bottom-up” objects or features on surfaces that 
are of the same scale as proteins in the body. This 
field has provided us with the unprecedented abil- 
ity to more precisely engineer interactions between 
nanomaterials and biomolecules to provide more tar- 
geted and potent effects. In contrast to small molecule 
agents, which are typically limited to performing a sin- 
gle action at a specific site, nanotechnology products 
can be engineered to interact with cells or proteins by 
performing multiple functions at several sites. Certain 
nanotechnology products, such as quantum dots, have 
significantly more potent properties by virtue of their 
size and chemical composition than equivalent small 
molecule agents. Nanotechnology products can even 
be engineered to interact with their environment to 
trigger changes in their own properties, such as stimu- 
lating drug release in response to local environmental 
cues or aggregating to provide contrast enhancement 
for more sensitive imaging. 

Despite all of these interesting advances, 
nanomedicine is still in a relative state of in- 
fancy, with its particular niche in clinical practice still 
being defined. The potential of this field to make a 
positive impact in urological oncology in the future 
is really limited only by our imagination. However, 


with greater sophistication comes greater complexity. 
As small molecule drugs almost invariably have 
“side effects,” it too will be important to understand 
thoroughly how nanomaterials interact with com- 
ponents of the body. Nanotechnology is also likely 
to produce challenges from a regulatory and drug 
approval point of view, which must be overcome 
prior to effective clinical translation. The focus of 
this chapter will be on providing an overview of the 
major concepts that have emerged from decades of 
research in the lab setting, highlighted by interesting 
examples from the current literature. Our objective 
is to introduce the urological oncologist to the field 
of nanomedicine and perhaps inspire new research 
directions or applications that will help realize the 
potential of nanotechnology. 

We begin the tour of nanomedicine by first consid- 
ering how the various properties of a nanomaterial af- 
fect its biodistribution. This is of critical importance to 
designing all major categories of nanoparticles (diag- 
nostic, therapeutic, and combined or “theranostic”). 
Following this, we survey some of the major types 
of therapeutic nanoparticles, highlighting advantages 
and disadvantages of each. We end by considering fu- 
ture directions for this exciting field, in the hope that 
you are able to contribute! 


Biodistribution of nanomaterials 


One of the most important properties of a nanoma- 
terial as it relates to in vivo use is how that material 
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distributes itself through the body and its residence 
time within the body’s tissues—its biodistribution. 
Several parameters play a significant role in determin- 
ing the biodistribution of a nanomaterial: (1) method 
of administration and dose [1], (2) size [2], (3) sur- 
face charge [3], (4) surface hydrophobicity, (5) degree 
of surface coverage of poly(ethylene glycol) (PEG) or 
other stabilizing agent [4], (6) presence and density of 
targeting ligand [5,6], (7) ability to repel adsorption of 
opsonizing proteins, such as complement proteins, al- 
bumin, or apolipoproteins, and (8) nanoparticle shape 
[7]. In some special circumstances, other properties of 
a nanomaterial can have a significant impact, as would 
be the case with magnetically guided nanoparticles or 
particles that can be triggered to degrade in response 
to an external stimulus, such as heat [8], pH [9], or 
enzyme concentration [10]. 


Nanoparticle size and interactions 
with organs 


To appreciate how the size of a nanomaterial will im- 
pact how it distributes throughout the body, it is in- 
structive to consider the route that nanomaterials take 
as they distribute through the body from an intra- 
venous injection. Nanoparticles will flow towards the 
right heart in the low-pressure venous circulation, col- 
lect in the right ventricle, and then proceed through the 
pulmonary artery to the capillaries in the lung, which 
are generally 7 to 8 um in diameter. At this point, 
nanomaterials that have aggregated together due to 
the relatively high ionic strength of the body (~150 
mEq/L) or due to adsorption of opsonizing proteins, 
will be not be able to pass effectively through the cap- 
illaries to reach the pulmonary veins. From the left 
heart, nanoparticles will distribute to various organs 
in the body depending on the relative amount of car- 
diac output that each organ receives, and in the case 
of the liver, the additional blood flow that comes from 
the portal vein. The organs that have the greatest ca- 
pacity to alter the biodistribution of a nanoparticle are 
the liver, kidneys, spleen, and bone marrow. 


Liver 

Teleologically, an important function of the liver is 
to clear blood of food-borne toxins and microorgan- 
isms that have entered the mesenteric circulation be- 
fore that blood re-enters the general circulation. The 
microarchitecture of the liver reflects this function 
by having a fenestrated endothelial layer, which al- 
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lows blood contents to come into intimate contact 
with hepatocytes and macrophages known as Kupf- 
fer cells [11]. Nanoparticles that are smaller than ~50 
nm are able to enter the space between endothelial 
cells (known as the space of Disse). Those that do 
not escape will reside there until they are metabolized 
by hepatocytes or Kupffer cells and are eliminated 
into the bile. Nanoparticles that are larger than ~200 
nm are most effectively cleared from the circulation 
by Kupffer cells which can reach into the sinusoidal 
space, since the relatively low flow conditions of the 
liver sinusoids allows plenty of time for phagocyto- 
sis or macropinocytosis to occur. Liver uptake can be 
greatly enhanced if the nanomaterial has adsorbed el- 
ements of the plasma onto its surface, particularly, 
complement proteins, albumin, or apolipoproteins. 
Macrophages are more able to phagocytose nanoma- 
terials when they are covered with the complement 
protein C3b, a fragment of C3 when the latter under- 
goes spontaneous hydrolysis (alternative pathway) or, 
if the nanomaterial has been recognized by antibod- 
ies, by the classical pathway C3 convertase (the C4b2b 
complex). Hepatocytes express various receptors for 
apolipoproteins, such as the low density lipoprotein 
receptor (LDL-R). Nanomaterials that have been cov- 
ered by these proteins and lipids can thus accumulate 
more readily in the liver [12]. In addition, it is im- 
portant to appreciate that the high degree of cardiac 
output that the liver receives together with the intimate 
contact between hepatocytes and blood components, 
and the presence of blood clearing Kupffer cells makes 
the liver the major site of accumulation of many nano- 
material constructs, and that nanoparticle size plays a 
significant role in modulating the degree of accumula- 
tion in the liver as well as the major cell type within 
the liver that is targeted. 


Kidneys 

In parallel to the liver, blood is distributed to the kid- 
neys through the renal arteries, which also receive a 
significant quantity of cardiac output. The kidneys 
have a specialized capillary network, the glomerulus, 
which is fenestrated and will filter into the tubular fluid 
anything in the plasma that is less than approximately 
5 nm in diameter. Due to the fixed charges present 
on the endothelial cells and the glomerular basement 
membrane, cationic materials are more likely to be fil- 
tered than a neutral or negatively charged material 
of the same size [13]. Most nanomaterials are too 
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large to be excreted through the renal system, but 
it is important to consider that certain components 
of nanomaterials that are not biodegradable, such as 
the commonly used polyether PEG, should be small 
enough to promote renal clearance to enhance overall 
biocompatibility. 


Spleen 

The spleen is another important organ to be consid- 
ered in designing nanomaterials that are to be injected 
into the systemic circulation due to its purifying effect 
on the blood. The microcirculation of the spleen is di- 
vided into two major pathways: (1) the closed-circuit 
pathway whereby blood flows directly from capillaries 
to the splenic veins and (2) the open pathway, which 
is characterized by capillaries with a discontinuous 
endothelium, allowing contact of blood components 
with the extracellular matrix and tissue macrophages 
that normally function to clear the blood of aged red 
blood cells [14]. Similar to the liver, nanoparticles that 
are larger than ~200 nm will accumulate in the phago- 
cytic cells of the spleen [15]. 


Bone marrow 

Similarly, the bone marrow is a site of discontin- 
uous basement membrane and large numbers of 
macrophages, which function to remove aged and de- 
fective red blood cells from the circulation, as well as 
other debris [14]. Collectively, the liver, spleen, and 
bone marrow account for a significant portion of the 
injected dose of most nanomaterials, particularly if 
they have not been engineered to resist the adsorption 
of plasma proteins (Figures 7.1 and 7.2). 


Nanoparticle tumor targeting 


Tumor targeting is thought to be achieved by a com- 
bination of two major mechanisms: (1) passive ac- 
cumulation and (2) active targeting. An important 
phenomenon that has been observed repeatedly in 
small animal studies is the passive accumulation of 
nanoscale objects (~50-500 nm) in certain types of 
solid tumors, known as the enhanced permeability 
and retention (EPR) effect [16]. In order to expand be- 
yond a certain critical size and meet elevated metabolic 
demands, solid tumors often secrete soluble factors, 
such as vascular endothelial growth factor (VEGF), 
to promote localized angiogenesis. It is believed that 
the rate of formation of the microcirculation of a tu- 
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Fig 7.1 (a) Biodistribution of PLGA-PEG polymeric 
nanoparticles approximately 150-200 nm in size in mice 
administered intravenously by retro-orbital injection. 
%IDPG, percent initial dose per gram of tissue. NP, 
nanoparticle; NP-Apt, anti-PSMA aptamer conjugated to 
the surface of a nanoparticle; NP-MutApt, nonfunctional 
aptamer conjugated to the surface of a nanoparticle. (b) 
NP accumulation in tumors, the percentage indicates a 
relative amount of aptamer on the surface of the nanopar- 
ticles. Note that an optimal amount of surface coverage of 
targeting ligand (Apt, anti-PSMA aptamer) was observed; 
further increases in targeting ligand surface density resulted 
in increased accumulation in the liver. Obtained from [5]. 
(Copyright 2008 National Academy of Sciences, USA.) 


mor is so rapid that the endothelium does not form 
properly, leading to enhanced permeability. In addi- 
tion, the lymphatic drainage of the tumor is defective 
for similar reasons, leading to an inability to prop- 
erly drain the tumor effectively. The net effect of in- 
creased permeability and reduced drainage is accu- 
mulation, particularly of larger macromolecules and 
nanomaterials. In small animal studies, EPR is the 
principal mechanism by which nanomaterials accu- 
mulate in solid tumors. The other major form of 
tumor targeting is through an “active” mechanism, 
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Fig 7.2 Tumor targeting of nanoworms as compared to 
nanospheres in mice administered nanoparticles intra- 
venously. Note that the combined effect of using a PEG 
spacer plus a targeting ligand increases tumor localization 
in these samples, and that this effect is more prominent in 
nanoworms than in nanospheres. %ID/g, percent initial 
dose per gram of tissue. NW-175, nanoworm with 175 
amine groups on the surface per particle. NW-P175-C, 
Nanoworm with 175 amine groups per particle to which 
the targeting ligand peptide CREKA is attached using a 
PEG spacer. NS-30, nanosphere with 30 amine groups on 
the surface per particle. NS-P30-C, Nanosphere with 30 
amine groups on the surface per particle to which CREKA 
is attached using a PEG spacer. MM-500-C, commercially 
available iron oxide nanoparticle with 500 amine groups on 
the surface per particle with CREKA conjugated to the sur- 
face without a PEG spacer. Obtained from [7]. (Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.) 


whereby some component of the nanomaterial, usu- 
ally a surface conjugated targeting ligand, “actively” 
alters the biodistribution pattern. Currently in the lit- 
erature there is some controversy regarding whether 
a targeting ligand actually changes macroscale organ 
accumulation. The effect of conjugating a targeting 
ligand to the surface of a nanoparticle will depend on 
the size of nanomaterial, the affinity of the targeting 
ligand for its receptor, the integrity of the microcircu- 
lation and the lymphatic drainage, the osmotic pres- 
sure of the tumor interstitium, the accessibility of the 
targeted protein, and other parameters that will affect 
the probability of the nanoparticle encountering the 
targeted antigen. In some studies in small animals, it 
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has been observed that the effect of a targeting lig- 
and is simply to enhance intracellular delivery with- 
out affecting macroscale biodistribution significantly 
[17,18]. Others have shown that a targeting ligand 
does indeed alter the biodistribution, with the target- 
ing ligand leading to greater accumulation in sites of 
expression of the targeted antigen [6]. It also stands 
to reason in a thought experiment: if one imagines 
the size of a nanoparticle approaching that of the Fc 
portion of an antibody, it is clear that the presence of 
the targeting portion (the Fab region) makes a signif- 
icant difference in the biodistribution of a nanoscale 
system (in this particular case, the nanoscale system 
is an antibody). To what extent conjugating a target- 
ing ligand on the surface has on biodistribution, as 
well as how the size of the nanoparticle system af- 
fects this analysis, has not yet been fully elucidated. 
However, in general, the biodistribution of smaller 
nanoparticles (S 50 nm) and macromolecules will 
be more likely to be affected by addition of a tar- 
geting ligand because of their increased permeability 
through tissues. Larger nanoparticles (Z 200 nm) are 
more likely to be trapped in tumors or other compart- 
ments, reducing the effect of the targeting ligand on 
biodistribution. 


Surface physicochemical characteristics 


Zeta potential 

The surface physicochemical characteristics of a nano- 
material greatly impact the biodistribution indepen- 
dent of size. The zeta potential, a measure of the 
degree of surface charge relative to that of the dis- 
persion medium, plays a significant role in biodistri- 
bution [19,20]. Nanoparticles with positive surface 
charges (zeta potential +15 mV) are more likely to 
aggregate and to be cleared by tissue macrophages 
from the blood stream due to the abundance of neg- 
atively charged materials in the plasma [21,22]. In 
addition, positively charged materials are more likely 
to be excreted renally [13], and more likely to in- 
teract nonspecifically with various types of cells in 
the body. In general, positively charged nanomate- 
rials will tend to accumulate in the liver, lung, and 
kidney [23-25]. From a microscopic viewpoint, this 
accumulation in the lung is due to the formation of 
large aggregates that transiently occlude the capillary 
network in the lung, although some degree of delivery 
to specific cell types within the lung has been observed 
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[26]. Cationic nanomaterials will tend to accumulate 
in the Kupffer cells of the liver, although accumu- 
lation in hepatocytes is also possible, particularly if 
the internalization efficiency of the cationic material is 
very high. Negatively charged materials (zeta potential 
S -15 mV) are less likely to interact with plasma pro- 
teins. However, highly negatively charged nanoparti- 
cles have been shown to be more likely to be phagocy- 
tosed by macrophages [27,28] (Figure 7.3). It appears 
that a relatively neutral surface charge (zeta poten- 
tial —0 + 10 mV) has the most desirable biodistribu- 


106 


0 


Fig 7.3 How increasing 
cationic charge affects 
biodistribution in 
cationic and neutral 
liposomes. Percentage 
charge, a relative 
measure of the amount 
of cationic charge on the 
liposome surface. 
Reprinted from [24] with 
permission. (Copyright 
American Association for 
Cancer Research.) 
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tion to date. It is important to point out that neutral 
nanoparticles are more likely to aggregate, so it is im- 
portant to have another method of stabilizing these 
nanoparticles, e.g., using steric hindrance via surface 
modification with PEG. 


PEGylation 


Surface conjugating a nanoparticle with PEG is a 
widespread method of improving biocompatibility, 
circulation half-life, organ biodistribution, and the 


interaction between targeting ligand and receptor 
[29]. When conjugated to the surface of biodegradable 
PLGA nanoparticle dispersed in aqueous medium, 
PEG behaves as if it were free in solution [30], 
with low energy rotation around carbon-carbon and 
carbon-oxygen bonds providing excellent flexibility. 
The flexibility of PEG chains makes it energetically un- 
favorable that a protein adsorbs, since it would greatly 
reduce the conformational freedom of the PEG chains 
[31]. In addition, the flexibility of PEG allows it to 
act like a steric barrier, which protects the surface of 
the nanoparticles from protein adsorption. The abil- 
ity of PEG to reduce nonspecific protein binding to 
nanomaterial surfaces depends on the density of the 
PEG layer and, to a limited extent, on the length of 
the PEG chain [4,32,33]. Studies have shown that as 
few as 6 repetitions of the PEG structural unit are re- 
quired to provide an effective steric barrier [31]. As 
far as density is concerned, there is an optimal level of 
PEG coverage. At low levels of PEG coverage, there 
is insufficient PEG to provide protection from protein 
adsorption. However, if the PEG density is too high, 
adjacent PEG chains restrict freedom of movement, 
lowering the free energy change of adsorption and 
making nonspecific adsorption more likely. PEG also 
improves the interaction between the targeting ligand 
and the targeted antigen. The flexibility of the PEG 
chains allows the targeting ligand to sample a greater 
degree of conformations, making it more likely that 
it will find the optimal confirmation for binding to 
the target antigen. PEG is also an excellent hydro- 
gen bond acceptor, which makes it very well hydrated 
in water. This increases the hydrophilicity of the 
nanoparticle surface, which also reduces the binding 
of relatively hydrophobic proteins, such as albumin or 
apolipoproteins. 


Nanoparticle shape and frontiers 


Frontiers in understanding and improving biodistri- 
bution are in investigating how nanoparticle shape 
affects biodistribution, as well as devising advanced 
methods for improving tumor targeting. The role of 
nanoparticle shape in biodistribution is just begin- 
ning to be appreciated and studied. Recently, it was 
found that the shape of a material plays a signifi- 
cant role in whether the particulate can be phago- 
cytosed, with rod-shaped materials being less likely 
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to be phagocytosed at the same volume as spherical 
materials [34]. However, small rod-shaped materials 
were shown to have higher internalization rates into 
nonphagocytic cells [35]. Using magnetic nanoparti- 
cles as imaging agents, it was shown that rod-shaped 
nanomaterials could target tumors more effectively in 
vivo [7]. Novel methods of improving accumulations 
in tumors are being explored. An interesting platelet- 
mimetic amplification method for improving nanopar- 
ticle accumulation in tumors was recently reported. 
In this manuscript, nanoparticles were developed that 
bound to sites of thrombosis, triggering more binding 
of nanoparticles, which triggered more thrombosis in 
a positive feedback loop. It was proposed that these 
nanoparticles could be used to selectively thrombose 
tumor vasculature [36] (Figure 7.4). 


Nanoparticle cancer vaccines 


Activating the body’s innate and adaptive immune re- 
sponses to clear tumors is an exciting but challenging 
area of research, and one where nanomaterials may 
prove to have the advantages necessary to provide 
significant breakthroughs. Traditional vaccines gener- 
ally consist of live attenuated viruses, purified protein 
derivatives, or killed whole pathogens plus an alu- 
minum salt as an adjuvant material. While traditional 
vaccines are both safe and effective infectious diseases, 
they have been relatively disappointing in stimulating 
anticancer responses. In addition, these traditional ap- 
proaches are somewhat limited as to the types of anti- 
gens that can one can vaccinate against. Nanotechnol- 
ogy has the potential to produce novel vaccine carriers 
or adjuvant agents that can generate a more potent re- 
sponse against a wider variety of antigens, including 
the weakly immunogenic cancer antigens. 

Cancerous cells use a variety of techniques to evade 
the immune system, including down regulating MHC 
I complexes, secreting anti-inflammatory cytokines 
such as IL-10 and TGF-beta, and recruiting regula- 
tory T cells [37]. In addition, it has been proposed 
that solid tumors undergo “immune editing” whereby 
the immune system selects for nonimmunogenic clones 
by eliminating those that it can recognize [38]. In the- 
ory, using a patient’s own immune system to elim- 
inate neoplastic foci is attractive in that one could 
induce remission with minimal side effects, dissemi- 
nated tumors could be targeted, and the surveillance 
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Internalizing peptides per particle 


Fig 7.4 Using the local tumor environment to increase tu- 
mor accumulation by removing a PEG coating and exposing 
a cell-penetrating peptide. (a) Exposing the cell-penetrating 
peptide (unveiled) results in increased cell uptake. (b) Keep- 
ing particles PEGylated (veiled) results in significantly in- 
creased blood circulation time. Modified from [10]. (Copy- 
right Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced 
with permission.) 


functions of the immune system could be used to pre- 
vent recurrence. Alternative approaches to nanoma- 
terials for generating CD8+ CTL responses against 
urological cancers have been explored, particularly in- 
volving ex vivo manipulations of autologous antigen 
presenting cells (APCs), including dendritic cells [39], 
which have produced promising immune responses 
[40]. However, there have been problems translating 
cell-based vaccine technology to the clinic. A recent 
trial involving a granulocyte monocyte-colony stimu- 
lating factor (GM-CSF)-secreting prostate cancer cell 
used as a therapeutic vaccine (GVAX, Cell Genesys) 
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was terminated prematurely due to a low probabil- 
ity of improving overall survival. Indeed, the response 
rate for cancer vaccines in general is low. It is clear 
that a need exists for developing novel vaccination 
strategies that could harness the unique advantages of 
nanotechnology. 

Nanomaterials have the potential to play a signif- 
icant role in developing novel vaccines by more ef- 
fectively targeting components of the immune sys- 
tem, encapsulating antigens to deliver them at more 
controlled rates, improving cytosolic delivery for im- 
proved antigen presentation in MHC I complexes, 
and delivering DNA for sustained expression of anti- 
gens within APCs. The major types of nanomateri- 
als that have been explored for eliciting immune re- 
sponses have been polymer nanoparticles, nondegrad- 
able nanoparticles, and liposomes. 


Biodegradable nanoparticle vaccines 


Polymeric nanoparticles composed of poly(lactic-co- 
glycolic acid) (PLGA) have been evaluated extensively 
as vaccine carriers [41]. PLGA is an attractive poly- 
mer for vaccination due to its extensive track record 
of safety in humans in controlled release formulations 
and in biodegradable sutures, as well as the well- 
defined methods of encapsulating both hydrophobic 
and hydrophilic antigens. PLGA has been used as 
a polymer to deliver DNA vaccines and shown to 
protect against challenge with tumor cells. In this 
study, it was shown that blending a lipophilic agent, 
such as a lipid-PEG conjugate, to the PLGA helped 
to improve DNA encapsulation and also the consis- 
tency and potency of the immune response, which 
included both cellular and humoral responses [42]. 
Co-delivering a Toll-like receptor 4 (TLR-4) ligand 
with the melanoma antigen tyrosinase-related protein 
2 (TRP2) using PLGA nanoparticles ~400 nm in size 
resulted in induction of tumor-specific CD8+ T cells 
that led to a therapeutic anti-tumor effect [43]. PLGA 
nanoparticles have also been evaluated as delivery ve- 
hicles for oral immunization due to uptake at the lym- 
phoid follicles present in the gut, also known as Peyer’s 
patches [44,45]. One study considered the effect of 
PLGA particle size on production of IgG titers against 
bovine serum albumin (BSA). They found that for their 
particular system, larger (1000 nm) particles generally 
elicited more potent antibody titers, although this was 


complicated by the fact that these larger particles also 
encapsulated more protein [46]. PLGA is thus devel- 
oping as an attractive candidate material for vaccine 
delivery. 


Nondegradable nanoparticle vaccines 


Solid, nondegradable nanoparticles have been ex- 
plored for vaccine delivery. Gold nanoparticles were 
used as a platform onto which the cationic carbohy- 
drate polymer chitosan was conjugated in order to 
deliver a DNA vaccine. This system showed potent 
humoral and CD8+ T cell responses in mice after 
intramuscular injection [47]. Patterning alternating 
striations of anionic hydrophilic with hydrophobic 
groups onto gold nanoparticles showed enhanced 
cell membrane penetration for cytosolic delivery 
of nanoparticles [48]. In addition, pH-responsive 
nanoparticle materials have been engineered to en- 
hance cytosolic delivery based on increased endo- 
somal membrane disruption [49]. It is hypothesized 
that by increased delivery to the cytoplasm, antigen 
can be delivered for presentation on MHC I com- 
plexes for more potent initiation of CD8+ T cell re- 
sponses, such as is relevant for cancer immunotherapy. 
Fluorescent polystyrene nanoparticles were used to 
study the effect of size on targeting to draining lymph 
nodes after mouse footpad injection. It was found that 
smaller nanoparticles (<200 nm) could freely drain 
into lymph nodes, whereas larger nanoparticles (>500 
nm) were carried to lymph nodes following phagocy- 
tosis and transport by epidermal and dermal dendritic 
cells, not significantly by free diffusion [50]. This may 
be significant for targeting specific populations of im- 
mune cells, which may have applications in eliciting 
certain types of immune responses. 


Liposome vaccines 


Liposomes have shown considerable progress in devel- 
oping nanoparticle-based vaccines due to their abil- 
ity to co-deliver antigen plus adjuvant effectively to 
APCs [51]. Various routes of entry have been probed 
for liposome-based vaccines. Liposomes have been 
used to successfully deliver antigen plus a TLR-9 ag- 
onist CpG oligodeoxynucleotide (ODN) motif intra- 
venously for targeting APCs in the spleen [52]. In addi- 
tion, liposomes were used to vaccine against a tumor- 
associated antigen by co-delivering CpG ODN using 
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the more traditional subcutaneous injection technique 
[53]. The field of nanoparticle-based vaccine design is 
relatively young, but these early reports of successful 
vaccination in animals provides optimism about the 
prospects of this type of technology and its potential 
role in cancer therapy in the future. 


Nanoparticles for cancer therapy 


One of the most exciting aspects of nanotechnology 
is its potential impact on cancer therapy. The major- 
ity of emphasis in this space has been in developing 
materials for drug delivery, but effort has also gone 
towards developing nanomaterials that can generate 
high temperatures locally to kill cells by hyperthermia 
[54], as well as engineering particles that can perform 
multiple functions including drug delivery, targeted 
hyperthermia, imaging, or “smart” sensing, such as 
increasing fluorescence following drug release. 

In the last thirty years, many different materials 
have been synthesized or adapted as drug delivery ve- 
hicles. From a drug formulation perspective, it makes 
a lot of sense to think about the drug and the en- 
capsulating material in terms of their physicochemical 
characteristics, as these are often the most important 
parameters used to develop a nanoparticle drug de- 
livery system. The simple principles of “like dissolves 
like” and “oppositely charged materials attract” are 
usually enough to understand the motivation be- 
hind formulating certain drugs with certain types of 
materials. 


Drug encapsulation 


Encapsulation strategies and the optimal material vary 
between different types of drugs. The most commonly 
used nanoscale drug delivery vehicles are liposomes, 
polymers, dendrimers, quantum dots, gold nanoparti- 
cles, and nanoshells, but many examples do not nec- 
essarily fit within these broad categories. The goals 
of encapsulating drugs are to improve solubility, in- 
crease drug circulation half-life, increase target organ 
drug concentration, deliver drugs intracellularly, tar- 
get a specific receptor or transport mechanism to im- 
prove delivery, and reduce incidence or severity of side 
effects. 

Generally, one would consider encapsulating a drug 
in the following scenarios: 
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1 Insoluble in water. 

2 Toxic to cells but is not particularly toxic to hepa- 
tocytes, splenocytes, or bone marrow cells. 

3 Cleared very rapidly from the body. 

4 Degraded in the presence of serum. 

5 Active only inside a cell and is unable to diffuse 
across the cell membrane. 

6 Delivering the drug over an extended period of time 
in a controlled fashion would significantly improve 
treatment outcome. 

Drugs that have been encapsulated in nanoscale 
drug delivery vehicles are thus generally proteins, 
small molecule hydrophobic drugs, or nucleic acids. 
Proteins are generally relatively small, and would be 
cleared renally relatively quickly if not encapsulated. 
Hydrophobic drugs must usually be dissolved in a sur- 
factant formulation, before they can be administered 
at therapeutic levels. Encapsulating the drug inside of 
a nanoparticle with a hydrophobic core can provide 
altered biodistribution and pharmacokinetics, charac- 
terized by increased half-life and the possibility of less 
toxic components. Nucleic acids are generally unable 
to cross the cell membrane efficiently, and so must 
be formulated with a transfection agent to produce a 
biological effect. 


Liposomes 


Liposomes are the earliest to be developed and most 
thoroughly studied and widely used nanoparticle drug 
delivery systems in the clinic to date. Liposomes gen- 
erally exist as spherical structures, about 100 nm in 
diameter, with a bilayer structure delimiting the ex- 
terior from an internal aqueous compartment. Lipo- 
some size can be tightly controlled by processing con- 
ditions to yield relatively monodisperse nanoparticle 
populations. The thin lipid bilayer can be used to 
carry hydrophobic materials, such as lipophilic drugs 
or imaging agents. The types of lipids used can alter 
important properties of the liposome. For example, 
incorporating lipids with PEG conjugated to the polar 
head group helps to extend the circulation half-life and 
biocompatibility of the liposome [55]. In general, the 
advantage of using liposomes over other drug delivery 
formulations is that they boast long circulation time- 
scales, incorporate both hydrophilic and hydrophobic 
materials, have a track record of safety in humans, 
many important pharmacokinetic and biocompatibil- 
ity properties have already been evaluated, and there 
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is an extensive body of knowledge surrounding their 
development and use. The major drawback to using 
liposomes is that there is little control over when the 
drug is released from the liposome carrier, even if the 
liposome reaches the target destination. Drug release 
from a liposome usually occurs as a burst—a rela- 
tively rapid release over a short period of time—as the 
liposome structure falls apart. 

Liposomes have been modified in multiple ways 
to provide additional functionality and to overcome 
some of their shortcomings. As with other nanoma- 
terials, liposomes have been modified with targeting 
ligands to improve intracellular delivery. PEGylated 
liposomes have been modified with antibodies to bind 
to sites of HER2/neu over-expression for delivery of 
drugs to breast cancer cells in vivo [56]. Of interest 
to urological oncology, liposomes have been modified 
with the prostate cancer-specific monoclonal antibody 
5D4 to enhance the cytotoxicity of liposomal doxoru- 
bicin [57]. Liposomes have also been used to target 
gene therapy to prostate specific membrane antigen 
(PSMA) expressing cells using a monoclonal antibody 
[58]. More recently, liposomes have slowly become 
increasingly sophisticated, with more recent embod- 
iments boasting the ability to respond to local envi- 
ronments to alter their physical properties in order to 
improve tumor targeting or to trigger drug delivery. 
For example, liposomes have been generated that use 
changes in pH to trigger a change in their fusogenic 
potential to enhance drug delivery [59]. At the physi- 
ologic pH of 7.4, the liposomes are coated with PEG 
and display a cell-specific targeting ligand. Once they 
have bound to an antigen and have been internalized 
into a compartment that acidifies, or in the low pH 
of an acidic tumor interstitium, an acid-sensitive link 
is hydrolyzed, revealing the fusogenic peptide motif 
TAT that can increase the amount of liposome inter- 
nalization into cells. One can understand the value 
of this type of technology by considering the path 
that a drug delivery vehicle must take in order to de- 
liver drugs to the interior of cells. Initially, during the 
circulation, desirable properties are a nonfouling sur- 
face that will interact specifically with the targeted cell 
type. Once the targeted cell type has been reached, a 
fundamental shift occurs in desirable properties—the 
nanoparticle should ideally interact avidly with cells 
in order to promote the most efficient uptake. By hav- 
ing the ability to “double target” using environmen- 
tally responsive nanoparticles, these two goals can 


potentially both be met in a single nanoparticle de- 
livery device. 

Perhaps one of the most exciting aspects of lipo- 
somes is that they have had excellent success trans- 
lating to the clinic. Several liposome formulations 
are now in clinical use. Doxil (Johnson & Johnson) 
is a liposomal formulation of doxorubicin typically 
used in the treatment of acquired immunodeficiency 
syndrome (AIDS)-related Kaposi’s sarcoma, multiple 
myeloma, or ovarian cancer. A liposome formulation 
of the antifungal agent amphotericin B (Ambisome, 
Gilead) has also been approved for systemic fungal 
infections and in the case of Cryptococcal meningitis 
in HIV-infected patients. Although these formulations 
are not directly relevant to urological cancers, they 
highlight that liposomes have had the correct blend of 
safety and efficacy to yield a clinically relevant vehicle, 
which may facilitate clinical translation of future tech- 
nologies using this nanoparticle platform. 


Polymers 


Various types of polymer architectures have been 
evaluated for drug delivery. Depending on the prop- 
erties of the polymer, different types of nanoparticle 
structures are possible. Some of the major structures 
include: polymer micelles, polymer nanoparticles, 
single polymer chains, and cross-linked hydro- 
gels. Polymer micelles are aggregated structures of 
block co-polymers that consist of hydrophilic and 
hydrophobic segments. These self-assemble into 
spherical nanoscale structures where the hydrophobic 
segments cluster, forming a hydrophobic core with the 
hydrophilic segments protruding out into the solution 
phase. Polymer micelles are equilibrium structures 
that exhibit a critical micelle concentration (CMC), 
above which micellization occurs. These types of sys- 
tems have been developed extensively, particularly for 
the delivery of small molecule hydrophobic drugs and 
for gene delivery [60]. The work on small molecule 
hydrophobic drugs has culminated in the recent 
entry of a polymer micelle consisting of paclitaxel 
encapsulated in poly(lactic acid)-block-poly(ethylene 
glycol) (PLA-PEG) into phase II clinical trials in 
the United States for the treatment of metastatic 
pancreatic cancer (Genexol-PM, Samyang). Lupron 
Depot, a polymeric sustained release formulation 
of a gonadotropin-releasing hormone agonist, is 
currently approved for androgen deprivation therapy 
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(ADT) in advanced prostate cancer. Other polymeric 
systems have been under continued development for 
gene delivery by becoming more sophisticated in their 
release mechanisms. Polymer micelles are currently 
being engineered to respond specifically to conditions 
in tumors or endolysosomes to trigger drug release 
or to enhance intracellular delivery. For example, 
a block copolymer of PEG-poly[(N’-citraconyl-2- 
aminoethyl)aspartamide] was synthesized, which 
reverses its charge from overall negative at pH 
7.4 to positive at pH 5.5 in order to release a 
relatively positively charged drug in response to 
distribution to acidified compartments, such as the 
interstitium of certain tumors or endolysosomes 
[61]. Continuing with this theme of switchable 
properties for more effective delivery, a PEG-poly(3- 
[(3-aminopropyl)amino]propylaspartamide) ` block 
copolymer was synthesized with a side chain with 
a pKa selected in order to provide enhanced in- 
tracellular delivery for improved small interfering 
RNA (siRNA) delivery [62]. Mixed micelles of 
PEG-poly(L-histidine) and PEG-poly(L-lactide) have 
been formulated for pH sensitive drug delivery. The 
side chain of the amino acid histidine has a pKa of 
6, allowing it to become protonated and facilitates 
endosome disruption as the pH of the solution 
drops below 6 via a combination of osmotic lysis 
and cationic interaction with the negatively charged 
membrane components [63]. This blend of polymers 
was shown to improve drug delivery to tumors with 
lowered pH of the interstitium [64]. 

Polymeric nanoparticles arise from block copoly- 
mers when the hydrophobic segment is large rela- 
tive to the hydrophilic segment, resulting in a precip- 
itation of the hydrophobic segment to form a solid 
nanoparticle core. These types of polymer systems 
originally began their development as controlled re- 
lease microparticle formulations, which encapsulated 
a variety of different drugs, ranging from small hy- 
drophobic molecules to hydrophobic proteins to hy- 
drophilic proteins. In these types of systems, drug can 
be incorporated into the polymer through two main 
procedures: nanoprecipitation for encapsulating hy- 
drophobic materials and double emulsion for encap- 
sulating hydrophilic materials. In both cases, the drug 
is dispersed in a matrix of polymer, allowing drug 
release to occur through two mechanisms: (1) degra- 
dation of the polymer matrix, and (2) diffusion down 
the concentration gradient [65]. These systems were 
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shown to release encapsulated macromolecules over 
very long time periods [66,67]. Drug release rates 
were shown to be tunable depending on the crys- 
tallinity of the polymer, and the type of chemical 
bonds used to keep the polymer backbone together. 
These microparticle systems were scaled down to pro- 
duce nanoparticles, which had a couple of interest- 
ing effects. First, it was shown that surface conjugat- 
ing PEG greatly extended the circulating half-life of 
the nanoparticle [29]. Second, drug release rates were 
accelerated tremendously due to the increase in sur- 
face area per unit volume. Release rates of docetaxel, 
a hydrophobic drug used in metastatic hormone re- 
fractory prostate cancer, from polymeric nanoparti- 
cles consisting of poly(lactic-co-glycolic acid)-block- 
poly(ethylene glycol) (PLGA-PEG) was shown to be 
in the order of hours to days. Nanoparticle controlled 
release polymer formulations also benefit from sys- 
temic administration. In fact, PLGA-PEG nanoparti- 
cles have been developed that target PSMA for drug 
delivery to PSMA+ prostate cancers [68,69]. In ad- 
dition to showing that adding a targeting ligand in- 
creases intracellular delivery, it was shown that the 
density of targeting ligand on the nanoparticle sur- 
face plays a significant role in biodistribution [5] 
and therefore, presumably, in treatment efficacy. Dur- 
ing in vitro studies, it was shown that, in general, 
the higher the targeting ligand density, the more ef- 
fective nanoparticle uptake became. However, when 
nanoparticles made with different density of targeting 
ligand were injected systemically into mice bearing 
tumors, it was found that there was an optimal den- 
sity. It was hypothesized that above a certain density, 
the steric repulsion effects of the PEG corona became 
less effective, and the nanoparticles became more vis- 
ible to the cells of the mononuclear phagocytic sys- 
tem (MPS) in the liver, spleen, and bone marrow, 
and thus were able to target tumors less effectively. 
This same PSMA-targeting PLGA-PEG nanoparticle 
system was also used to target a cisplatin prodrug to 
PSMA+ cells for the treatment of metastatic prostate 
cancers [70]. A lipid-polymer hybrid nanoparticle sys- 
tem for drug delivery was recently developed. This 
system was composed of a hydrophobic PLGA core 
stabilized with lipid and PEG-conjugated lipid (lipid- 
PEG) surfactant. This hybrid lipid-polymer nanopar- 
ticle system showed excellent stability and ability 
to deliver drugs to prostate cancer cells in vitro 
[71,72]. 
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Dendrimers 


Dendrimers are branched polymer structures that 
are produced by divergent or convergent synthetic 
techniques to yield very regular, virtually monodis- 
perse macromolecules with rotational symmetry. Den- 
drimers are typically grown in “generations” with pre- 
cisely defined chemical structures leading to nanoscale 
macromolecules, typically ~5 nm in diameter. Drugs 
or other medically relevant molecules can be incorpo- 
rated into the dendrimer structure between the differ- 
ent branches, conjugated chemically, or adsorbed onto 
the surface [73]. The most commonly used dendrimer 
structure, the polyamido amine (PAMAM) dendrimer, 
has a net positive charge on its surface due to the pres- 
ence of primary amine groups at the distal end of each 
dendrimer branch. It is possible, however, to mod- 
ify those end groups to change the physicochemical 
nature of the dendrimer surface or to facilitate con- 
jugation of other molecules. Dendrimers have been 
evaluated in a number of contexts for drug delivery. 
Due to their size and chemical groups, they have been 
evaluated extensively for nucleic acid delivery [74]. 
The presence of tertiary amines at junction points in 
the PAMAM dendrimer structure are hypothesized to 
be sites of protonation at the low pH of endosomes 
and lysosomes, which facilitates endosome escape and 
nuclear or cytoplasmic delivery of drugs. Dendrimers 
have also been shown to facilitate intracellular drug 
delivery by transiently perforating the plasma mem- 
brane [75]. Dendrimers have been shown to be toxic 
to cells at relatively low concentrations, particularly 
to red blood cells in vivo especially at higher genera- 
tions [76], although through certain modifications, it 
is possible to reduce their cytotoxicity. 

Various types of dendrimers have been developed 
for gene and siRNA delivery due to their inherent 
transfection potential. Amphiphilic dendrimers with 
a hydrophobic core and a hydrophilic exterior were 
shown to be more effective than many commercially 
available in vitro transfection reagents [77]. Another 
interesting architecture was a linear-dendritic hybrid 
polymer, which was developed to improve gene de- 
livery. It is hypothesized that the dendrimer segment 
serves to condense the nucleic acid, while the lin- 
ear segment was made of PEG functionalized with 
a targeting ligand at the distal end to provide selec- 
tive uptake in cells [78]. Dendrimers have also been 
used to deliver boron-10 for boron neutron capture 


therapy. These dendrimers were targeted to the epi- 
dermal growth factor receptor (EGFR) expressing 
gliomas using boronated EGF [79]. 


Nucleic acid delivery 


Due to the particular challenges inherent in nucleic 
acid delivery, development of materials for this par- 
ticular class of drugs has diverged from that of other 
drugs. Nucleic acids, from a physicochemical proper- 
ties point of view, are large, negatively charged, and 
have defined secondary structures that are important 
functionally. The most relevant types of nucleic acid 
from a drug delivery perspective are DNA plasmids 
for gene therapy or DNA vaccines; antisense oligonu- 
cleotides; and double stranded RNAs, such as small 
interfering RNAs (siRNA) for activation of the RNA 
interference (RNAi) pathway. Many materials have 
been developed for nucleic acid delivery [80]; here, in 
broad strokes, we highlight some of the major trends, 
along with some illustrative examples from the recent 
literature. 

Due to the physicochemical nature of these 
molecules, most nucleic acid delivery approaches have 
involved condensing the nucleic acid using a cationic 
material, such as cationic polymers, cationic lipids, 
or dendrimers. However, cationic materials tend to 
be toxic to cells due to their ability to damage the 
cell membrane, in addition to their relatively poor 
biodistribution, so some of these materials have been 
limited to in vitro cell transfections [81]. Many of 
these materials have been modified to improve bio- 
compatibility, reduce toxicity, and improve in vivo 
circulation properties, but in many cases these modifi- 
cations have also gone hand-in-hand with a reduction 
in the efficacy of the delivery system. Cationic lipid- 
like materials, known as “lipidoids,” have been syn- 
thesized through combinatorial chemistry techniques 
into large libraries of materials with slightly different 
chemical functionalities [82]. This library of materi- 
als was screened in vitro for efficacy of siRNA de- 
livery, with the most promising formulations being 
tested in various animal models all the way through 
nonhuman primates for delivery efficacy [83]. Perhaps 
not surprisingly, these lipidoid materials had excel- 
lent tropism for the liver, showing excellent ability 
to deliver a siRNA targeted to a protein produced 
in hepatocytes. These materials distributed accord- 
ing to their size and physicochemical properties only, 
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as they lacked any specific targeting ligand. This ap- 
proach may make it difficult to target sites other than 
the liver, though using this approach, it may be pos- 
sible to address this problem directly in the future. 
Cyclodextrin-containing polycations have been devel- 
oped and studied extensively for targeted siRNA deliv- 
ery to transferring receptors [84]. After showing effec- 
tive target gene silencing in vitro, these nanoparticles 
were evaluated in vivo, showing a relatively modest 
but statistically significant reduction in tumor growth 
rate [85]. A multilamellar vesicle encapsulating siRNA 
targeted to cyclin D1 was targeted to 7 integrins to 
use RNAi to reduce signs of intestinal inflammation 
[86]. Nucleic acid delivery will continue to be an area 
of active interest, as the advantages and potential of 
DNA vaccines RNAi and gene therapy will continue 
to motivate and inspire researchers to make an impact 
in this important field. 


Future directions 


A more recent trend has been to design nanoparti- 
cles that have multiple biological functions, such as 
combining drug delivery with providing contrast for 
imaging (for more in depth discussion, please see spe- 
cialized reviews [87,88]). The benefits of this type of 
approach are that more information can be obtained 
by having the tandem of imaging and drug delivery 
or localized hyperthermia, and that in some instances, 
this information can be used to improve treatment 
efficacy. 

An important concept when designing multifunc- 
tional nanoparticles is that more is not necessarily 
better. The key attributes that make a good thera- 
peutic nanoparticle are sometimes at odds with those 
that make a good contrast enhancing nanoparticle for 
imaging. In general, good attributes of a therapeutic 
nanoparticle are high drug loading per nanoparticle, 
a size that is both large enough and small enough to 
avoid excessive accumulation in the liver (~50-200 
nm in diameter), extended blood circulation half-life 
to improve accumulation in target tissues or organs, 
and construction with materials that are nontoxic and 
biodegradable. Nanoparticles that have good prop- 
erties for providing contrast enhancement will vary 
depending on the application. In general, they are 
relatively small in size (<50 nm) so that they can 
have good tissue distribution and are cleared relatively 


113 


CHAPTER 7 


rapidly from the circulation so that contrast enhance- 
ment is maximal. In addition, one can tolerate use 
of slightly more toxic materials since the amount of 
nanoparticles administered for imaging applications 
are much smaller than that needed for therapeutic 
purposes. 

For example, a multifunctional nanoparticle system 
that can deliver a drug and simultaneously report back 
when the drug has been released from the nanocarrier 
has been developed [89]. Other possible functions that 
can be engineered into a single nanoparticle carrier are 
in the case of remotely actuated nanoparticle systems, 
where drug release occurs following an external stim- 
ulus. In this setting, imaging can be used to provide 
feedback in real-time as to whether the drug has been 
released from a nanocarrier. This information could 
be used to alter the intensity of the external stimu- 
lus. For example, nanoparticles have been engineered 
to release a DNA intercalating agent in response to 
hyperthermia by using double-stranded DNA as a 
carrier [90]. As the nanoparticle is heated in a mag- 
netic field, the annealing temperature of the DNA 
is exceeded, leading to denaturation of the double 
strand and release of the DNA-intercalating agent. 
Another interesting combination was near infrared 
(NIR) plasmon resonance activating gold nanoshells 
encapsulating magnetic iron oxide nanoparticles to 
provide simultaneous hyperthermia plus MRI con- 
trast [91]. These nanoparticles were targeted to 
HER2/neu expressing breast cancer cells using an an- 
tibody and showed efficacy with relatively little power 
input. 


Conclusions 


Nanotechnology has the potential to revolutionize the 
way that urological oncology is practiced by pro- 
ducing more potent vaccines for immunotherapy, en- 
abling real-time monitoring of therapy using multi- 
functional nanoparticles, enhancing treatment efficacy 
while reducing side effects using nanoparticle delivery 
systems, and by increasing the sensitivity and speci- 
ficity of imaging modalities to detect cancer using con- 
trast enhancement with various imaging modalities. 
The common denominator to making these technolo- 
gies clinically relevant lies in improving biocompati- 
bility and biodistribution, which can be understood 
by recognizing that the important parameters are size, 


114 


physicochemical characteristics, PEGylation, and tar- 
geting ligand density. These variables affect how the 
nanomaterial interacts with several important organs 
in the body, particularly the liver, kidneys, spleen, and 
bone marrow. Enhanced permeability and retention is 
an important effect that leads to the accumulation of 
nanoscale materials in vascularized tumors. Over the 
next few years, we can expect more novel materials 
and perhaps more biomimetic, multifunctional mate- 
rials as well as extension of current technologies to 
other diseases, including urological neoplasms. 
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Introduction 


Imaging has given radiology a significant role in the di- 
agnosis and staging of urinary tract tumors. Magnetic 
resonance imaging (MRI) offers advantages in imag- 
ing urinary tumors due to superior soft-tissue contrast. 
This chapter will review the role of MRI in imaging 
malignant lesions of the urinary tract. 


Kidney 


Renal cell carcinoma (RCC) is a large socioeconomic 
problem, accounting for more than 3% of the esti- 
mated new cancer cases in men [1]. The worldwide 
incidence of RCC is increasing [6]. Most renal tumors 
arise from the renal parenchyma (+90%) [7], with 
smaller numbers arising from the mesenchyma or the 
urothelium of the renal collecting system. RCC occurs 
twice as often in men as in women. Cigarette smoking 
contributes to the development of RCC in one-third 
of the patients [8]. This chapter will mainly focus on 
the RCC. The classic triad of flank pain, hematuria, 
and a palpable flank mass occurs in less than 5% to 
15% of patients with RCC [9,10]. Initial presenta- 
tion with clinical symptoms like anorexia, weight loss, 
tiredness, varicocele, or paraneoplastic syndromes are 
seen. It is estimated, that 10% to 40% of patients 
with RCC will develop a paraneoplastic syndrome. 
Hypercalcemia is the most common of the paraneo- 
plastic syndromes (13% to 20% of patients [11-13]). 


Of those with hypercalcemia and RCC, approximately 
75% have high-stage lesions [10,14]. 

The widespread availability of cross-sectional imag- 
ing modalities in clinical practice, particularly com- 
puted tomography (CT) and MRI, led to an increased 
detection rate of renal masses. Up to 30% to 40% of 
RCCs are discovered at imaging [15]. Accurate char- 
acterization of renal masses is essential for adequate 
patient management. Ultrasonography and multide- 
tector CT are commonly used for renal imaging. MR 
imaging can particularly be used to characterize re- 
nal lesions. Correlating the anatomical findings and 
MR signal intensity characteristics with the clinical 
features allows optimal diagnosis and staging. 


Clinical staging 


The goal of any staging system is to combine available 
data about malignant disease to assess prognosis and 
survival characteristics, as well as to stratify appro- 
priate treatment modalities. The tumor, nodes, and 
metastases (TNM) staging system is the most often 
used staging system in patients with RCC. RCC was 
first categorized by the TNM staging system in 1974 
[32]. The current version of the 2002 TNM staging of 
the American Joint Committee on cancer is presented 
in Table 1 of [33]. Prognosis is generally reflected in 
staging severity, with lower-stage disease being associ- 
ated with longer survival rates. The prognosis is clearly 
adversely affected by spread of the tumor beyond the 
renal fascia and into the retroperitoneum, i.e., stage 
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T3a and higher. The 5-year cancer-specific survival of 
patients with pT4 RCC and lymph node metastases 
are 20% and 5% to 30%, respectively [34]. 

Regional lymph node involvement, with or with- 
out distant metastases, is present in less than 10% of 
the patients who undergo surgery as their first line of 
treatment. Twenty-five percent to thirty-three percent 
of the patients who present with RCC have metas- 
tases at presentation [35,36]. The most common sites 
of metastases are the lung (75%), bone (40%), liver 
(40%), soft tissues, and brain [7]. Uncommon sites are 
thyroid, skin, gallbladder, pancreas, orbits, and blad- 
der [7,35,37,38]. Clinical data have shown that the 
localization and number of metastases have an inde- 
pendent prognostic value distinct form other clinical 
and pathologic variables. Bone or liver metastases are 
associated with worse prognosis compared with lung 
metastases. Furthermore, large tumors tend to be as- 
sociated with more advanced dissemination. 


MR technique 


The imaging protocol for effective MRI of the kidney 
should include maximal soft-tissue contrast, exploit 
the sensitivity of MRI to contrast material enhance- 
ment, and make use of the multiplanar capability of 
this modality. Due its intrinsic high soft-tissue con- 
trast, MR imaging has many advantages over other 
imaging modalities in the detection and staging of 
RCC [39]. 

MR imaging is performed with a multiarray coil 
with the patient in supine position. The basic protocol 
of the kidneys includes a single-shot T2-weighted 
sequence, turbo or fast spin-echo T2-weighted 
fat-suppressed sequence in two directions (preferably, 
coronal and axial), and T1-weighted images acquired 
as non-suppressed and fat-suppressed sequences. Im- 
ages are supplemented by coronal dynamic contrast- 
enhanced 3-dimensional spoiled gradient-echo 
sequences (arterial, nephrogenic [20 seconds after 
corticomedullary phase], and pyelographic phases 
[30 seconds after nephrogenic phase]) with fat- 
suppression. MR urography can be helpful in the 
evaluation of pathology in the collecting duct [40]. 
Both heavily T2-weighted images and gadolinium- 
enhanced T1-weighted images can be used to evaluate 
the collecting system. The former technique can 
be obtained with fast single-shot T2-weighted MR 
imaging techniques and respiratory-gated 3D turbo or 


fast spin-echo techniques. Gadolinium-enhanced MR 
urography can be performed using a high-resolution 
3D T1-weighted sequence or breath-hold 3D fat- 
saturated T1-weighted gradient-echo sequence after 
administration of gadolinium contrast material. 

Fast acquisition, single-shot MRI techniques can 
be used in patients with poor breath-hold capacity. 
The kidneys have restricted motion during respiration 
due to their retroperitoneal location. This is the rea- 
son why renal MR images are frequently insensitive 
to movements. Drawbacks of single-shot acquisition 
techniques (e.g., single-shot half-Fourier turbo spin- 
echo or single-shot fast spin-echo) are signal-to-noise 
limitations and some blurring of the MR images. 

The normal kidney has a relatively long T2 time. 
The renal medulla is hyperintense to the renal cortex 
on T2-weighted MR images. The renal parenchyma 
is hyperintense relative to the liver, and close in sig- 
nal intensity to the spleen. The renal cortex is slightly 
higher in signal intensity than the medulla on T1- 
weighted MR images. The medulla has a similar sig- 
nal intensity compared with muscle. Most renal cysts 
are high in signal on T2-weighted images and low in 
signal on T1-weighted images due to their long re- 
laxation time (Figure 8.1). High signal intensity on 
T1-weighted images and low signal intensity on T2- 
weighted images can be seen within cysts when they 
are complicated by hemorrhage or contain proteina- 
ceous fluid. Solid tumors can demonstrate variable sig- 
nal intensity on T2-weighted images, and have slightly 
lower signal intensity than that of the renal cortex on 
T1-weighted images. Fat-containing lesions, like an- 
giomyolipoma, have high signal intensity compared to 
the renal cortex. T1-weighted sequences with fat sup- 
pression can be applied to confirm the diagnosis of an- 
giomyolipoma (macroscopic fat within the angiomy- 
olipoma will be suppressed). In- and opposed-phase 
T1-weighted MR imaging can be used to reliably di- 
agnose angiomyolipoma (macroscopic fat). Clear cell 
renal carcinoma (intracellular fat) can be confirmed 
with the latter technique. This will result in a relative 
focal or diffuse loss of signal intensity on opposed- 
phase images. 

Coronal T2-weighted, pre- and postcontrast T1- 
weighted MR images are frequently helpful to evaluate 
the superior and inferior borders of the renal lesion, 
characterize the lesion as cystic or solid, or demon- 
strate perirenal extension. The dynamic contrast- 
enhanced 3-dimensional spoiled gradient-echo 
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Fig 8.1 MRI in man who had an indeterminate lesion on 
cross-sectional contrast-enhanced CT and B-mode ultra- 
sound image. MRI demonstrates a fluid-filled lesion (a) with 


sequences may aid to further delineate the primary 
tumor, liver lesions, and to evaluate any vascular 
thrombus identified. 


Tumor localization 


RCC is a heterogeneous disease with multiple subtypes 
that differ in their histopathologic features. These 
histopathologic entities differ in their prognosis and 
biologic behavior. In addition, these entities differ in 
their response to therapies. 

Clear cell carcinoma commonly appears heteroge- 
neous at imaging due to the presence of hemorrhage, 
necrosis, and cysts (Figures 8.2 and 8.3). Clear cell 
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no enhancement of wall or septations indicating a simple 
cyst (b and c). (Courtesy of Hashim U Ahmed, University 
College London.) 


RCC originates from the renal cortex and typically 
exhibits an expansile growth pattern. Multicentric- 
ity and bilaterality are rare (<5%) in sporadic cases 
[41-46]. Clear cell carcinoma is hypo- to isointense 
on T1-weighted MR images, and iso- to hyperintense 
on T2-weighted MR images [41,43]. Clear cell tumors 
typically show hypervascularity on contrast-enhanced 
MR imaging. This hypervascularity has been ascribed 
to inactivation of tumor suppressor genes and subse- 
quent elaboration of vascular and other growth fac- 
tors [47]. The degree of enhancement may help to 
differentiate clear cell carcinoma from nonclear cell 
variants [45,46]. Lesions with microscopic lipid con- 
tent show a conspicuous drop in signal intensity on 
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Fig 8.2 Renal lesion in left kidney indeterminate on cross- 
sectional CT imaging. T2W MRI is also indeterminate 
(a), but on enhancement with gadolinium, the lesion 

and wall demonstrate suspicious enhancement (b and c). 


images obtained at an opposed-phase echo time com- 
pared to in-phase gradient-echo images. Clear cell car- 
cinoma may demonstrate considerable signal intensity 
drop on opposed-phase echo time MR images due to 
the presence of abundant microscopic fat [44]. 
Papillary RCC commonly demonstrates low signal 
intensity on T2-weighted scans due to the presence of 
byproducts of hemorrhage and necrosis [42]. Larger 
tumors demonstrate heterogeneity due to necrosis, 
hemorrhage, and calcification. Unlike clear cell car- 
cinoma, papillary RCC typically demonstrates rela- 
tive hypovascularity at MRI. Papillary tumors demon- 
strate lesser degree of contrast-enhancement than clear 


Histology from surgery demonstrated clear cell renal carci- 
noma. (Courtesy of Hashim U Ahmed, University College 
London.) 


cell tumors at contrast-enhanced MR imaging. An im- 
portant feature of papillary RCC is that bilateral and 
multifocal tumors are more common than in other 
subtypes of RCC. 

Chromophobe RCC may present as a low signal in- 
tensity on T2-weighted images. Chromophobe RCC 
demonstrates relatively homogeneous enhancement at 
MRI. Recently, a spoke-wheel pattern of contrast- 
enhancement classically associated with oncocytomas 
has recently been described in association with chro- 
mophobe RCC [48]. Oncocytomas develop from type 
B intercalated cells of the cortical collecting duct, and 
are indistinguishable from RCC on MR imaging. 
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Fig 8.3 Renallesion in right kidney indeterminate on cross- 
sectional CT imaging with the possibility of oncocytoma 
raised (a). MRI enhancement with gadolinium shows the 
lesion and wall demonstrate suspicious enhancement, 


Collecting duct carcinoma is characterized by an 
infiltrative growth pattern at MR imaging. Collecting 
duct carcinoma commonly demonstrates low signal 
intensity on T2-weighted MRI and hypovascularity 
with contrast-enhancement. 


Local staging 


Accurate presurgical measurement of tumor size is 
possible with MR imaging. The presence of a pseudo- 
capsule surrounding the tumor predicts the absence of 
perinephric fat involvement (capsular invasion) [49]. 
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(b) although diffusion weighting is less conclusive (c). 
Histology from surgery demonstrated clear cell renal car- 
cinoma. (Courtesy of Hashim U Ahmed, University College 
London.) 


This pseudocapsule is seen as a linear low signal inten- 
sity on T1- and T2-weighted images in 66% of patients 
with RCC < 4 cm in diameter. Aggressive tumors 
are usually poorly marginated and a pseudocapsule 
is not visualized. Opposed-phase MRI can be applied 
to detect perinephric extension. The renal contour is 
artificially accentuated by the black line (India ink ar- 
tifact) at renal-retroperitoneal fat interface caused by 
the chemical shift artifact in these images [50]. 
Venous tumor thrombus can also be demonstrated. 
The inferior vena cava is involved in 3% to 22.5% of 
patients with RCC. Vena cava inferior thrombus is not 
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a contraindication for surgical resection. The 5-year 
survival rates as high as 68% are found in patients 
with RCC and venous thrombus extending into the 
inferior vena cava [51]. 

The histologic presence of tumor necrosis has 
been correlated with a poor prognosis [22]. Macro- 
scopic tumor necrosis can be appreciated on contrast- 
enhanced MR imaging. However, some necrotic fea- 
tures are beyond the resolution of current imaging 
techniques. While microscopically tumor necrosis has 
been associated with a worse prognosis in clear cell 
and chromophobe RCC; this correlation has not been 
found in papillary RCC [22]. 

Lymph node metastases have a significant impact on 
the prognosis of patients with malignancies. Lymph 
node involvement occurs in approximately 10% to 
20% of the patients with RCC without evidence of 
distant metastases. Since benign and malignant lymph 
nodes have similar signal intensities in conventional 
MR imaging, metastatic lymph nodes are mainly iden- 
tified by node enlargement. This may result in miss- 
ing small metastases in normal-sized nodes, resulting 
in false-negative metastasis. Routine cross-sectional 
imaging modalities, such as CT and conventional 
nonenhanced MR imaging, have a limited sensitivity 
in identifying lymph node metastases. Using a cut- 
off of 1 cm for short-axis nodal size, sensitivity and 
specificity of 83% and 88% have been reported, re- 
spectively. 


Local recurrence 


Surgical resection is the only effective means of 
cure for clinically localized renal tumors [52]. To- 
tal nephrectomy and partial nephrectomy (nephron- 
sparing) are equally effective in selected groups. Lo- 
cal recurrence in the nephrectomy bed occurs in 20% 
to 40% of the patients, within the first 5 years after 
surgery [53]. Isolated recurrences in the nephrectomy 
bed are uncommon [54]. MRI can be used as a follow- 
up imaging tool, however CT is the most sensitive 
imaging technique for follow-up in the abdomen. 


Diffusion-weighted imaging 


The risk of nephrogenic systemic fibrosis (NSF) in 
patients with significantly impaired renal function, 
which is considered to be associated with some 
gadolinium-based contrast agents, should be con- 


sidered carefully when staging with MRI [55,56]. 
Diffusion-weighted MRI provides both qualitative 
and quantitative tissue characterization without the 
need for intravenous contrast material. The use of 
diffusion-weighted imaging has been investigated for 
various renal diseases, such as infection, ischemia, 
chronic renal disease, and parenchymal diseases [ 
57-61]. Currently, there are limited reports available 
on the use of diffusion-weighting in renal mass char- 
acterization and localization [62-65]. This type of 
imaging has equivalent performance to that of the en- 
hancement ratio in the diagnosis of nonfat contain- 
ing T1 hyperintense renal lesions [66]. Renal solid 
masses demonstrate lower apparent diffusion coeffi- 
cients compared to simple cysts (1.7 + 0.48 x 1073 
mm/7/s vs. 3.65 0.09 x 107° mm?/s) [62,64]. The ap- 
parent diffusion coefficient of normal renal tissue was 
2.19 + 0.17 x 103 mm?/s, which was significantly 
higher compared to solid benign and malignant lesions 
(1.55 + 0.20 x 103 mm?/s) [63]. Diffusion-weighted 
MR imaging can provide additional information to 
that acquired with contrast-enhancement for the diag- 
nosis of oncocytoma, and may be used to characterize 
histologic subtypes of RCC [67]. 


Dynamic-contrast imaging 


Accurate characterization of complex renal masses is 
based primarily on the presence or absence of enhance- 
ment on dynamic contrast-enhanced MR imaging 
[68]. The presence of enhancement generally indicates 
a diagnosis of RCC. A 15% increase in signal intensity 
within a renal lesion at 2 to 4 minutes after adminis- 
tration of contrast material has been proposed as an 
optimal threshold for distinguishing benign cysts from 
malignancies [69]. Recent developments in the under- 
standing of the biology of RCC have substantial ther- 
apeutic implications. Some subtypes of RCC are less 
responding to tyrosine inhibiting treatment options, 
for example patients with papillary or chromophobe 
RCC [70,71]. With MR imaging, enhancement can 
be assessed by measuring signal intensity changes or 
evaluated visually with or without image subtraction 
[67]. Hyper- (e.g., clear cell carcinomas) and relative 
hypovascular lesions (e.g., papillary RCCs) demon- 
strate different enhancement patterns using dynamic 
contrast-enhanced MR imaging [69]. Measurement of 
relative enhancement in renal masses, by placing man- 
ually defined ROIs within the lesion, on the basis of 
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percentage increase in signal intensity following in- 
travenous gadolinium contrast administration can be 
applied. Applying this strategy resulted in a sensitiv- 
ity of 100% and specificity of 94% for distinguish- 
ing cysts from solid renal masses (>15% enhance- 
ment ratio) [72]. Enhancement ratios obtained with 
MR imaging are arbitrary and depend on the coil sys- 
tem and pulse sequence used. Both quantitative and 
qualitative methods are sensitive in the detection of 
enhancement within a renal mass [73]. The charac- 
terization of T1-weighted hyperintense lesions (which 
include hemorrhagic or proteinaceous cysts and RCC) 
can be problematic in the determination of enhance- 
ment owing to high signal intensity on precontrast MR 
images. Hence, in lesions that are hyperintense on T1- 
weighted unenhanced MR images, qualitative assess- 
ment based on image subtraction should be performed 
to avoid false-negative quantitative results [73]. 


Bladder 


Bladder cancer is the most expensive of all malig- 
nancies treated in the United States from diagnosis 
to death [74,75]. Carcinoma of the urinary bladder, 
after prostate cancer, is the most common malignant 
tumor of the urinary tract and accounts for 2% of 


all malignancies. Bladder cancer is more common in 
males than in females with a ratio of approximately 
4:1, and is predominantly seen in the sixth and sev- 
enth decades of life [76]. Bladder cancer is rare in the 
first decade of life. 


Clinical staging 


Clinical staging is not reliable for determining tumor 
extension. Imaging modalities are needed to determine 
tumor extension beyond the bladder wall [77]. Dif- 
ferentiation between superficial and invasive bladder 
tumors is essential. Preoperative MRI is the modality 
of choice for imaging the urinary bladder due to the 
superior soft-tissue contrast (Figure 8.4). 

Clinical management of urinary bladder cancer is 
determined primarily on the basis of distinguishing 
superficial tumors from invasive ones (stage < T1 vs. 
stage T2 and higher; Table 2 of [33]). The treatment 
options differ considerably. Noninvasive tumors are 
treated with transurethral resection alone, whereas 
invasive tumors are treated with radical cystectomy, 
radiation therapy, chemotherapy, or a combination 
[87,88]. Approximately 66% to 80% of all bladder 
cancers are noninvasive and associated with a 5-year 
survival of 81%. 


Fig 8.4 A man with a long-term suprapubic catheter in situ 
for urethral injury refractory to multiple repairs. Presented 
with bleeding and recurrent urinary tract infections. Exami- 
nation revealed a hard indurated mass around the suprapu- 
bic catheter site. Bladder biopsies demonstrated keratinizing 
squamous metaplasia with a small focus of moderately dif- 
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ferentiated mucin-producing adenocarcinoma. MRI shows 
an infiltrating mass on unenhanced (a) and enhanced im- 
ages (b) suspicious for malignancy. Radical cystectomy with 
excision of skin around suprapubic catheter site was per- 
formed. (Courtesy of Hashim U Ahmed, University College 
London.) 
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Invasive bladder cancer initially spreads through 
the inner bladder wall and then circumferentially 
through the muscular layer. Depending on the loca- 
tion of the bladder tumor, it may invade perivesical fat, 
prostate, obturator internus muscle, or seminal vesi- 
cle. In women, it rarely invades the cervix or uterus. 
Invasion of or growth into the urethra or ureter is 
common when the tumor originates near one of these 
structures [89]. Lymphatic spread is found in 25% of 
invasive tumors, and is seen in the three major lym- 
phatic trunks that drain into the external iliac groups. 
Hematogenous spread of urinary bladder cancer is in- 
frequently seen. If it occurs, these metastases usually 
appear in the bones, lungs, and liver. Bony metas- 
tases predominantly are seen in, in order of frequency, 
pelvic bones, upper femora, ribs, and skull, and are al- 
ways osteolytic [99]. 


MR technique 


MR imaging is superior to CT for staging carcinoma of 
the urinary bladder, and offers several advantages over 
CT. The imaging protocol for effective MR imaging 
of the bladder should include maximal soft-tissue con- 
trast, exploit the sensitivity of MR imaging to contrast 
material enhancement, and make use of the multipla- 
nar capability of this modality. This allows improved 
evaluation of the location and extent of the tumor, as 
well as improved characterization of the lesion. 

MR imaging is performed with a multiarray coil 
with the patient in supine position. The basic proto- 
col of the bladder includes turbo or fast spin-echo, 
or gradient-recalled echo T1-weighted sequence and 
turbo or fast spin-echo T2-weighted sequence in two 
directions. The direction of the planes depends on the 
site of the lesion. A plane perpendicular to the wall 
at the base of the tumor can be acquired. This allows 
better delineation of muscle involvement. The coro- 
nal plane is helpful for visualizing tumor arising from 
the base, dome, and lateral bladder wall. The sagittal 
plane can be used to visualize anterior and cranially 
located tumors and tumors at the bladder sphincter. 
A short tau inversion recovery sequence through the 
pelvis is included in the protocol. Images are supple- 
mented by dynamic contrast-enhanced fat-suppressed 
3-dimensional spoiled gradient-echo sequences before 
at 20 seconds (arterial phase), and at 70 seconds (ve- 
nous phase) after administration of gadolinium con- 
trast material (0.1 mmol/kg). Adequate distension of 


the bladder will improve evaluation of the bladder 
wall and allows visualization of focal lesions. How- 
ever, if the bladder is too distended, this may result 
in overlooking small lesions. Optimally, the patient is 
asked to void 2 hours before the MRI scan acquisition 
[91]. 

The urine has a low signal intensity on T1-weighted 
images, and a high signal intensity on T2-weighted im- 
ages. The normal bladder wall has an intermediate sig- 
nal intensity equal to skeletal muscle on T1-weighted 
images, and a low signal intensity on T2-weighted im- 
ages. On fat-saturated T1-weighted images the blad- 
der wall has a slightly higher signal intensity than 
urine or perivesical fat [91,92]. On fat-saturated T2- 
weighted images, perivesical fat and bladder wall have 
low signal intensity. Perivesical vessels and the vas def- 
erens appear as low signal intensity tubular structures 
on T1-weighted sequences. 

Immediately after injection of gadolinium con- 
trast material the urinary bladder wall demonstrates 
rapid enhancement. The inner mucosa and submucosa 
(more vascular) shows early enhancement, while the 
muscular layer (less vascular) enhances later [93]. The 
imaging plane can be preselected on the previously 
performed T1- or T2-weighted sequences. 


Local staging 


Both T1- and T2-weighted images are useful in staging 
bladder cancers [94-98]. Urinary bladder cancer has 
intermediate signal intensity, equal to that of the mus- 
cle on T1-weighted images. T1-weighted MR images 
are used to assess perivesical fat invasion, involve- 
ment of surrounding organs (except for the prostate), 
lymph node involvement, and bone marrow. On T2- 
weighted images, bladder tumors have the same or 
slightly higher signalintensity as the bladder wall. T2- 
weighted images are recommended for assessment of 
the extent of tumor invasion into the muscle layer of 
the bladder wall and prostate. Mr staging accuracies 
ranged from 72% to 95% reported in literature. The 
addition of contrast agent to the imaging protocol also 
increased the staging accuracy (9% to 14% increase) 
compared to unenhanced MR imaging [99-101]. The 
most accurate staging results are obtained using in- 
travenous gadolinium contrast material and fast T1- 
weighed sequences. 

Currently, there are limited reports available on 
the use of diffusion-weighted MR imaging in bladder 
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cancer localization and staging [102-104]. Diffusion- 
weighted images are a highly reliable imaging method 
for identification of bladder tumors in patients with 
gross hematuria [103]. The staging accuracy signif- 
icantly increased adding diffusion-weighting to T2- 
weighted and dynamic contrast-enhanced MRI [104]. 

Papillary transitional cell carcinoma of the bladder 
has a loose connective tissue stalk. The stalk is defined 
as a structure that extends from the bladder wall to the 
center of the tumor with signal intensity different from 
that of the tumor [105]. Most stalks show lower signal 
intensity than tumor on T2-weighted images, less en- 
hancement on early contrast-enhanced MR imaging, 
and stronger enhancement on delayed-enhancement 
MR images. The identification of the stalk is an im- 
portant finding to exclude muscle wall invasion of the 
tumor [105]. 

An intact, low signal intensity muscle layer of the 
bladder wall at the base of the tumor is classified as 
stage Ta or T1 disease. The use of gadolinium con- 
trast agents has improved the imaging of bladder car- 
cinomas. Bladder carcinoma tends to enhance more 
than the surrounding bladder wall early after injec- 
tion of contrast agent. Early contrast-enhanced im- 
ages may help to recognize muscle wall infiltration. 
Findings suggesting superficial tumors (stage T1 and 
lower) are, smooth muscle layer, tenting of the bladder 
wall, fernlike vasculature, and uninterrupted submu- 
cosal enhancement. Differentiation between Ta tumor 
from T1 is problematic, and can be better delineated 
on contrast-enhanced studies. 

A disrupted low signal intensity muscle layer with- 
out infiltration of perivesical fat is classified as stage 
T2b disease. Muscle wall invasion is divided into su- 
perficial and deep (stage T2a vs. T2b). Differentiation 
of stage T2a and stage T2b with MR imaging is usu- 
ally not possible. 

A focal, irregular decrease in fat signal intensity on 
T1- and T2-weighted images is classified as stage T3b 
disease (macroscopic perivesical fat infiltration). On 
contrast-enhanced T1-weigthed images, a lesion with 
an irregular, shaggy outer border, and streaky areas 
of the same signal intensity of the tumor in perivesical 
fat is classified as stage T3b. 

Invasion of the tumor into an adjacent organ or ab- 
dominal and pelvic sidewall may be inferred from the 
extension of abnormal tumor signal intensity through 
fat planes into adjacent structures. Contrast-enhanced 
MR imaging demonstrate these findings well. 
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Lymph node staging 


CT and MR imaging are comparable regarding stag- 
ing of lymph nodes. Accuracies ranging from 73% to 
98% are found with MR imaging. Lymph node metas- 
tasis in patients with superficial tumors is rare. When 
the deep muscle layer is involved or if extravesical 
invasion is seen, the incidence of lymph node metas- 
tasis rises to 30% and 60%, respectively. CT and MR 
imaging have a low sensitivity (76%) as metastases in 
normal-sized lymph nodes are still missed. 


Prostate 


MR imaging is the most widely used cross-sectional 
imaging technique for prostate cancer. While ul- 
trasound provides real-time data, it is also highly 
operator-dependent and experience is needed in or- 
der to perform it. In addition, it provides little by way 
in information that can differentiate tumor from be- 
nign tissue in the modern era in which tumors are 
smaller. MR imaging allows for a more standard- 
ized examination of the prostate, and with the ad- 
dition of functional imaging techniques [106] such 
as diffusion-weighting, proton MR spectroscopy, and 
dynamic contrast-enhancment a unique insight can be 
obtained in the cancer characteristics. 

Currently, at a field strength of 1.5 tesla (T), the 
use of an endorectal coil (ERC) in combination with 
an external phased-array coil is the set up of choice 
for optimal imaging of the prostate [107,108]. At 3 
T it is possible to perform the local prostate imaging 
using only an ERC [109-111], although multichannel 
external coil set up may be an alternative [112]. 


T2-weighted imaging 


The intrinsic high soft-tissue contrast on MR imaging 
allows for the differentiation between healthy tissue 
and cancer within the prostate [118]. Convention- 
ally, prostate cancer was defined as an area of low 
signal intensity on T2-weighted imaging. Other com- 
mon causes of low signal on T2-weighted imaging are 
postbiopsy hemorrhage [119] and prostatitis. Ideally, 
it is advised to perform MR imaging at least three 
weeks (optimally six weeks) after biopsy to prevent 
false-positive findings due to biopsy artifacts [120]. 
Recently, it was shown that the signal intensity on 
T2-weighted imaging as compared with that of ad- 
jacent muscle was correlated with the Gleason score 
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of the cancer, whereby a lower signal intensity was 
indicative of a more aggressive cancer [121]. 

However, in the current PSA (semi)screening era, it 
appears that more cancer foci will be less conspicuous 
due to the shift towards less aggressive cancers [122]. 
T2-weighted images at 1.5T using the integrated ex- 
ternal pelvic phased-array coil and ERC provided a 
sensitivity of 52-67% [123]. At 3T using an ERC, 
the sensitivity of localizing prostate cancer for expe- 
rienced readers was 53-58% [111]. Thus, it appears 
that the use of a higher field strength does not aid 
in localizing prostate cancer and that additional in- 
formation such as functional imaging is necessary in 
order to obtain a higher accuracy in localizing prostate 
cancer. 

In order to prevent false-positive findings, high- 
specificity reading is currently the reading mode of 
choice for reporting prostate cancer stage [124,125]. 
Signs with 98-100% specificity of extracapsular can- 
cer extension have been, in order of descending sensi- 
tivity): overt extracapsular tumor, tumor signal inten- 
sity within the periprostatic fat, neurovascular bundle 
asymmetry, and obliteration of the rectoprostatic an- 
gle [110]. A sign of seminal vesicle invasion is the pres- 
ence of an area of low signal intensity on T2-weighted 
imaging in one or both seminal vesicles [126]. 

For staging of prostate cancer (Table 3 of [33]), it 
was shown that at 1.5 T the use of an integrated pelvic 
phased-array coil and ERC had a significantly higher 
staging performance compared with using an external 
coil only, particularly by increasing staging specificity 
[107,108,127]. Other significant factors were the use 
of multiple imaging planes, the use of contrast agent [ 
127], and the application of cross-referencing between 
different imaging series [128]. In a meta-analysis, the 
summary receiver operating characteristic curve had 
a joint maximum sensitivity and specificity of 71% 
for determining extracapsular extension, and 82% 
for determining seminal vesicle invasion [127] (Fig- 
ure 8.5). Recent studies showed that compared with 
1.5T, imaging at 3T with an ERC improved sensitiv- 
ity with remaining high specificity [110,111]: staging 
sensitivity with 3T ERC imaging was 80-88% for ex- 
perienced readers. 


Diffusion-weighted imaging 


Diffusion-weighted imaging is a noninvasive MR tech- 
nique that visualizes and quantifies the motion of wa- 


ter molecules within the extracellular space of tissues 
[129]. In biologic tissues, diffusion is lowest in tissues 
with a high cellular density thus causing smaller extra- 
cellular spaces [130]. By adapting the traditional T2- 
weighted spin-echo sequence using gradients, the dif- 
fusivity of water molecules within tissue can be deter- 
mined. Quantitatively, the degree of diffusivity can be 
expressed in apparent diffusion coefficient (ADC) val- 
ues [129]. A number of studies have been performed 
using diffusion-weighted MR imaging in prostate can- 
cer [131]. Diffusion-weighted imaging can be applied 
at various field strengths using external coils or an 
endorectal coil [132-138]. It was found that the av- 
erage ADC values of prostate cancer tissue were sig- 
nificantly lower than those of healthy prostatic tissue. 
However, there is still considerable overlap between 
the values in individual patients. The ADC value may 
also be related to the Gleason score of the prostate can- 
cer. Addition of diffusion-weighting to T2-weighted 
imaging in localizing prostate cancer was shown to in- 
crease the localization performance [139]. Diffusion- 
weighted imaging may be better in localizing and de- 
tecting prostate cancer compared with T2-weighted 
imaging [136]. Although larger studies need to be per- 
formed. It was also shown that diffusion-weighting 
may be of value in detecting local recurrence after ra- 
diation therapy [138] (Figure 8.6). 


Proton MR spectroscopic imaging 


Proton MR spectroscopic imaging (MRSI) depicts 
metabolic processes within the prostate gland by de- 
termining the amounts of citrate, choline, and creatine 
at various locations in the gland [140-142]. Choline 
and creatine levels are markers for cell turnover. Per 
voxel these substances are plotted in spectra. Healthy 
prostatic tissue shows high citrate levels and low 
choline and creatine levels. During malignant trans- 
formation and dedifferentiation the citrate level de- 
creases while the choline and creatine levels increase; 
thus the ratio between citrate/choline+creatine is a 
marker for cancer localization [141]. The advantage 
of MRSI is the fact that the metabolite levels can be 
expressed quantitatively. Thereby, established thresh- 
olds will not vary amongst individuals and quantita- 
tive scoring can be established [123,143]. 

At various field strengths, MRSI can be performed 
using external coils or an ERC alone, or using a com- 
bination of the two [123,144-146]. Recently, it was 
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Fig 8.5 A multiparametric MRI in a man with high-risk 
prostate cancer (PSA 20 ng/nL, Gleason 4 + 3 with tertiary 
pattern 5, 9/10 cores positive, maximum cancer core length 
involvement 15 mm, perineural involvement). The images 


shown that a qualitative approach to MRSI in rou- 
tine clinical practice by qualitatively interpreting the 
metabolite spectra is feasible [147]. Most studies have 
focused on MRSI of the peripheral zone. Nevertheless, 
MRSI of the central gland is also feasible [143,146]. 
However, due to more overlap in spectra between be- 
nign prostatic hyperplasia and prostate cancer the dif- 
ferentiation between these two is slightly more difficult 
[146]. At 1.5T using an ERC, using a standardized 
threshold approach an accuracy of 81%, specificity 
of 81-88%, and sensitivity of 75-92% was found 
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demonstrate extracapsular extension on the left side visible 
on all sequences (arrows). These images were taken prior to 
biopsies. (Courtesy of Hashim U Ahmed, University College 
London.) 


[143]. A recent multi-institutional American College 
of Radiology Imaging Network (ACRIN) study ex- 
amining MRSI in the peripheral zone revealed equal 
localization performance of MRSI compared with T2- 
weighted imaging with areas under the ROC curves 
between 0.58-0.60 [148]. 

Recently, a systematic review and meta-analysis 
concluded that the use of a combination of T2- 
weighted imaging and MRSI could be a rule-in test for 
patients at low risk of prostate cancer [149]. MRSI 
may play a role in identifying patients suitable for 
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Fig 8.6 Multiparametric MRI in a man who has biochem- 
ical recurrence after primary external beam radiation ther- 
apy a number of years prior. Apical disease on the right side 
is not visible on axial T2W images, (a) but obvious on coro- 
nal T2W images (b) as well as on diffusion (c) and dynamic 


active surveillance by estimating the cancer volume 
[150,151] and in establishing local recurrence in pa- 
tients [152-155]. However, larger studies need to be 
performed in these patient populations. Generally, it is 


T 


7 


1/1cores 
(JETES 
Max 11mm 


1/1cores 
(JELES 
Max 7mm 


17 


1/1cores 
GI3+3 
Max 10mm 


contrast-enhanced scans (d). This was confirmed histolog- 
ically on template mapping biopsies (e) (green and yellow 

zones). (Courtesy of Hashim U Ahmed, University College 
London.) See also plate 8.6. 


assumed that MRSI is most valuable if one takes into 
consideration that its strength lies in the high speci- 
ficity; thus if an abnormal metabolic area is observed 
its positive predictive value is high. 
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Contrast-enhanced MR imaging 


Contrast-enhanced MR imaging provides an insight 
into the cancer vasculature and its permeability [ 
156]. Intravenously administered gadolinium-based 
contrast agents [157] will diffuse into the extracellular 
interstitial space and accumulate up to a certain con- 
centration before—also by diffusion—returning to the 
intraluminal vascular space. Since these agents cause 
increased signal relaxation on T1-weighted imaging, 
this sequence can track such signal changes. T1- 
weighted imaging of the entire prostate can be ob- 
tained several times after contrast administration. This 
can be performed qualitatively by reviewing the im- 
ages before and after contrast administration and 
observing foci of increased signal gain. By using a 
subtraction technique it is possible to construct an 
imaging set in which only the contrast-related signal 
intensity changes are visible. 

An ever more widely used approach is to perform 
imaging at multiple time points after gadolinium ad- 
ministration and from this analyze the signal changes 
using compartment models, of which the Tofts model 
has been most frequently used [158]. This method is 
often referred to as dynamic contrast-enhanced (DCE) 
MR imaging [123,155,159-161]. Using these models 
the permeability of the vasculature in the tissue can 
be expressed, (often using parameters such as Ktrans 
or K®), as well as an estimation of the extracellular 
volume (V,). If one images long enough to observe 
the downslope of the signal intensity curve, one can 
determine the rate of decline in the signal (washout). 
A disadvantage is the fact that many institutions use 
in house software based on these models, which in- 
creases the difficulty of comparing studies. Likewise, 
no objective threshold for the aforementioned param- 
eters has yet been proposed. These techniques can be 
used at various field strengths, as well as using both 
external coils and an ERC. Using an ERC can increase 
the spatial and/or temporal imaging resolution. While 
temporal resolution at 1.5 T was described at two 
seconds, at 3T this could be improved to one second 
[109]. 

DCE was shown to significantly improve cancer 
localization (Figures 8.7 and 8.8). Using an ERC at 
1.5T, the area under the ROC curve increased from 
0.68 with T2-weighted imaging and 0.80 with MRSI 
to 0.91 with DCE [123]. In this study, the separate 
parameters were analyzed and the washout parame- 
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ter was observed to have the highest specificity, while 
the extracellular interstitial volume parameter had the 
highest sensitivity. DCE can aid in localizing can- 
cer foci after previous negative transrectal ultrasound 
biopsy [112,162]. Recently, high performance was ob- 
served in using this sequence to detect local recurrence 
both after curative radical prostatectomy [155,163] 
and radiation therapy [164,165]. 

It was shown that at 1.5 T, administration of con- 
trast agent significantly increased the staging perfor- 
mance for less experience readers [159]. The area un- 
der the ROC curve increased from 0.66 with unen- 
hanced MR imaging to 0.82 with enhanced MR imag- 
ing. Thus, application of DCE MR imaging may be an 
advantage for readers at the start of the learning curve 
of reading prostate MR imaging. 


MR-guided biopsy 


The advantage of MR imaging lies in the fact that all 
the features described above can be used in combi- 
nation in order to localize prostate cancer. This new 
paradigm is called multiparametric MRI, and can now 
be directly used in order to localize prostate cancer 
for direct MR-guided biopsy [166-169]. The com- 
bination of diagnostic MR imaging and MR-guided 
biopsy (MRGB) may increase the tumor detection rate 
[112]. The current literature on MRGB of the prostate 
however is limited, and the few studies available have 
included a small number of patients [166,170,171]. 
Beyersdorff et al performed an MR-guided biopsy in 
twelve patients with elevated PSA levels and previous 
negative transrectal ultrasound-guided biopsy round 
[166]. In seven of these patients the suspicious regions 
could be defined with the fast sequence, in the other 
five cases the areas of interest were clearly visible in the 
prebiopsy images and could be marked on the images 
obtained during biopsy. These are promising data and 
demonstrate the potential clinical value of MR-guided 
biopsies [112,166,170,171]. One group has shown a 
very high negative predictive value for the presence of 
clinically significant cancer volume of 85% and 95% 
for > 0.2 cc and >0.5 cc lesions, respectively, if DCE is 
used prior to a first prostate biopsy [187]. The Univer- 
sity College London team have proposed that there is 
sufficient evidence that warrants the use of multipara- 
metric MRI prior to biopsy in men with a raised PSA 
[188] (Figure Prostate-Right-Lesion). This will need 
evaluating carefully in a prospective study that uses 
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(c) 


Fig 8.7 Axial images taken on a 1.5 Tesla MRI using a 
pelvic phased-array coil in a man with intermediate-risk 
prostate cancer on TRUS-guided biopsies. (a) T2-weighted 
image shows a low-signal area in the left lobe, although 
not clear. (b) Dynamic contrast-enhanced image shows 
enhancement in the left lobe consistent with cancer. (c) 
Diffusion-weighted image confirms the same area has poor 


detailed mapping biopsies of the prostate as a refer- 
ence standard in this group of men. At the time of this 
chapter going to press, such a study is under way in 
the United Kingdom. 


Scrotum and testes 
The first step in diagnosing testicular cancer is usu- 


ally through self-examination. Testicular cancer most 
commonly presents as a painless scrotal mass. Testic- 
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signal on ADC map (arrows). (d) The man underwent tem- 
plate transperineal mapping biopsies using a 5-mm sam- 
pling frame, which confirmed the area on the MRI in the left 
lobe (red areas). A total of 24 cores were taken. (Courtesy 
of Hashim U Ahmed, University College London.) See also 
plate 8.7. 


ular cancer, although representing 1% of all cancer 
in males, is the most common neoplasm in boys and 
young adults from 15 to 34 years old [3]. The inci- 
dence of testicular cancer has doubled in the last forty 
years. Bilateral tumors are found in 0.7% of men with 
germ cell tumors at diagnosis, and 1.5% of patients 
develop metachronous lesions within 5 years [4]. 
Once the leading cause of cancer deaths in men be- 
tween 15 and 35 years of age, it has now proved to be 
a model of success with a 5-year survival rate exceed- 
ing 95% [176]. This success in treatment is related 
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Fig 8.8 Axial images taken on a 1.5 Tesla MRI using a 
pelvic phased-array coil in a man with a PSA of 6.5 ng/mL. 
(a) T2-weighted image shows a low-signal area in the right- 
peripheral zone although this is far from clear. (b) Dynamic 
contrast-enhanced image shows enhancement in the right- 
peripheral zone lesion consistent with cancer. (c) Diffusion- 
weighted image confirms the same area has poor signal on 
ADC map. (d) The man underwent template transperineal 
mapping biopsies using a 5-mm sampling frame rather than 
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transrectal biopsies (arrows). The template biopsies con- 
firmed the area on the MRI in the right-peripheral zone 
(red) with 2 cores positive for Gleason score 4 + 3, 3 mm 
and 5-mm cancer core length. A smaller, presumed insignif- 
icant area was also shown on the left (blue) with 1 mm of 
Gleason 6 cancer. A total of 66 cores were taken. (Courtesy 
of Hashim U Ahmed, University College London.) See also 
plate 8.8. 
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to improved staging and treatment methods. Imaging 
plays a central role in assessment of tumor bulk, sites 
of metastases, monitoring response to therapy, sur- 
gical planning, and accurate assessment of disease at 
relapse [177]. 

Serum tumor markers are especially helpful to dif- 
ferentiate germ cell tumors from each other and from 
other malignancies. Serum concentrations of alpha- 
fetoprotein (AFP) and/or beta-human chorionic go- 
nadotropin (beta-hCG) are elevated in 80% to 85% 
of nonseminomas. In contrast, serum beta-hCG is el- 
evated in fewer than 25% of testicular seminomas, 
and AFP is not elevated in pure seminomas. However, 
these tumor markers cannot accurately assess disease 
bulk or locate sites of tumor spread [177]. 


Clinical staging 


As soon as the diagnosis of germ cell cancer has 
been pathologically confirmed, further staging exam- 
inations are warranted to examine the extent of dis- 
ease. Staging is of utmost importance as it is the cor- 
nerstone for further treatment after orchiectomy. The 
European Germ Cell Cancer Consensus Group (EGC- 
CCG) recommended that TNM staging should be used 
[33] (Table 4). Today, CT of the abdomen and chest 
is the standard technique in initial staging. 

The most common sites for metastases are via the 
lymphatic system to the retroperitoneal nodes, and 
via the hematogenous route to the lungs and less com- 
mon to the liver, brain, and bone. In general, advanced 
stage disease will be treated primarily with chemother- 
apy. Nonseminomatous germ cell tumors appear as 
multiple small peripheral nodules, whereas seminoma 
metastases tend to be larger masses [177]. Other sites 
of hematogenous metastases, though rarely seen and 
usually only in the setting of advanced disease, include 
the adrenals, kidneys, spleen, pleura, pericardium, and 
peritoneum [177]. 

Lymphatic spread occurs via lymphatic chan- 
nels (from spermatic cord and testicular vessels to 
retroperitoneal lymph nodes). Usually, right-sided tes- 
ticular neoplasms spread to the right side of the 
retroperitoneum. Lymph node metastases can be iden- 
tified around the inferior vena cava, and between the 
level of right renal hilum and the aortic bifurcation. 
Lymph node metastases of left-sided testicular cancer 
may be found adjacent to the abdominal aorta and just 
below the left renal vein. Contralateral involvement is 


uncommon, but may occur with a larger disease bur- 
den [178]. Pelvic lymph adenopathy is uncommon in 
the absence of bulky disease [179]. 


MR technique 


MR imaging is performed in the supine position and 
surface coils (phased-array) are positioned above the 
testicles. The scrotum is elevated by means of a sup- 
port between the tights (folded towel is placed between 
the tights) to ensure that both testes are in the same 
horizontal plane for proper coronal imaging. The pe- 
nis is angled to the side and the whole region is draped. 

T1- and T2-weighted sequences in at least two 
planes are acquired (coronal and axial). The coronal 
plane is the ideal plane for imaging the scrotum. The 
coronal series covers from the posterior aspect of the 
scrotum to the anterior aspect of the external inguinal 
ring. DCE subtraction MR imaging can be used to 
differentiate testicular diseases from scrotal disorders 
[180]. In general, contrast-enhanced MR imaging is 
reserved for patients with subtle, atypical, or complex 
findings. For staging purposes, T1-weighted axial im- 
ages of the abdomen should be obtained to search for 
adenopathy. 

The normal testis is a sharply demarcated oval 
structure of intermediate homogeneous signal inten- 
sity to muscle on T1-weighted images and homoge- 
neous higher signal intensity (less than fluid signal 
intensity) on T2-weighted images. Signal intensity of 
the epididymis is low signal intensity on both T1- and 
T2-weighted images. The epididymis is more clearly 
differentiated from the testis on T2-weighted images 
because it is lower in signal intensity than the adja- 
cent testis. The testis is completely surrounded by the 
tunica albuginea, a thick layer of dense fibrous tissue. 
The tunica albuginea and testicular septa appear as 
low signal intensity structures [181]. The mediastinum 
testis can be identified as a low signal intensity band 
within the posterior testis on T2-weighted images. 


MR imaging 


Ultrasonography is currently the primary imaging 
modality in the assessment of scrotal disease. How- 
ever, because of its wide field of view, multiplanar ca- 
pabilities, and intrinsic high soft-tissue contrast, MRI 
may represent an efficient supplemental technique 
for scrotal imaging [182-187]. Tumors are typically 
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isointense with normal testis on T1-weighted MR im- 
ages, becoming inhomogeneous and slightly darker on 
proton-density-weighted MR images and moderately 
darker on T2-weighted images. 

The MR imaging appearance of seminoma, like its 
histology, has been consistent. Seminoma is usually 
homogeneous in appearance and relatively isointense 
to the normal testicular parenchyma on T1-weighted 
images and low signal intensity on T2-weighted im- 
ages. However, MRI cannot reliably predict the his- 
tological type [188]. Although, atypical, some semi- 
nomatous lesions may bleed internally, resulting in a 
focus of different signal dependent on the age of the 
hemorrhage. 

Nonseminomatous germ cell tumors are more likely 
to have cystic areas than seminomas. The former tu- 
mors, given their histologic patterns, are markedly in- 
homogeneous on MR images, which represent their 
most distinctive feature when compared with semi- 
nomatous lesions. These tumors are usually iso- to 
hyperintense on T1-weighted MR and hypointense on 
T2-weighted MR. The overall heterogeneous appear- 
ance is mostly due to the presence of mixed cell types, 
hemorrhage, and necrosis. 

On occasion, primary testicular tumors may un- 
dergo spontaneous regression. These lesions are usu- 
ally termed “burnt-out” germ cell tumors. At MR 
imaging, T2-weighted images demonstrate a focal low 
signal intensity area of distortion of the normal testic- 
ular architecture, without a visible mass. The appear- 
ance can resemble segmental infarction. 


Future directions 


As the risk of radiation increases, the value of MRI in 
imaging urological cancers will grow. Novel protocols 
incorporating blood oxygen level dependent (BOLD) 
MRI is able to provide additional functional informa- 
tion, and may be useful in assessing tumor necrosis 
and aggressiveness as well as posttreatment evalua- 
tion. Novel contrast agents based on molecular imag- 
ing are also emerging, and will be able to provide not 
only localization information, but also characteriza- 
tion of suspicious lesions. 

Once images are achieved, registration or fusion 
will be important to deliver therapy in real-time to the 
areas of tumor in order to achieve good ablation but 
also with an appropriate margin. Work in this area 
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is particularly pertinent for prostate cancer and focal 
therapy. 


Conclusions 


The role of MRI in urological oncology seems most 
eminent in prostate cancer. With this gland, MRI has 
the potential to detect clinically important cancer to a 
high degree of accuracy. Importantly, it may identify 
those men with a clinical suspicion of prostate cancer 
who need to have biopsies with the conduct of those 
biopsies improved with targeting. Furthermore, with 
novel ablative techniques now able to treat cancer ina 
focal manner, MRI can allow the delivery of precision 
ablation in order to reduce toxicity while retaining 
cancer control efficacy. 
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Introduction 


Imaging is the cornerstone in the management of all 
human malignancies including those arising from the 
urogenital system. At primary diagnosis, and during 
the follow-up period, it is of utmost importance to ac- 
curately assess the disease stage in order to decide the 
most effective treatment strategy for patients with uro- 
logical malignancies. Ultrasound plays a major role 
principally in the initial diagnosis, but is also very 
useful in guiding a variety of interventional diagnostic 
and therapeutic procedures. Technological advances 
including the employment of contrast agents might 
enhance the value of this modality in the field of uro- 
oncology. 

CT scans have played an important role in 
oncologic imaging since the very early period of its ap- 
plication. Technical innovations, however, have fur- 
ther improved precision, accuracy, and speed of acqui- 
sition. Recently, the traditionally morphology-based 
modalities have been complemented with functional 
and molecular imaging capabilities. One such modern 
and most promising imaging modality is PET, which 
allows noninvasive determination of various physio- 
logical and pathological processes in vivo, including 
tissue energy consumption and metabolism, cell pro- 
liferation, tissue perfusion, and hypoxia. The combi- 
nation of PET with CT (PET-CT) provides metabolic 
and functional information alongside anatomical 
detail. 


Ultrasound 


Ultrasound has a central role in the diagnostic ar- 
mamentarium of uro-oncology. It is one of the most 
popular imaging modalities in medicine due to be- 
ing rapid, noninvasive, safe, relatively inexpensive, 
and portable. Modern ultrasound imaging is primar- 
ily based on the application of a pulse-echo approach 
with a brightness-mode (B-mode) display. During the 
past years it has undergone refinements that have ex- 
panded its role through diagnosis to management and 
follow-up of uro-oncology patients. These technical 
improvements have brought about advances in the po- 
sition of ultrasound in guiding urological procedures 
with higher precision in order to minimize morbidity, 
implement new treatment options (percutaneous tu- 
mor ablation), and monitor therapy response. The re- 
cent innovations that have improved the performance 
of modern ultrasound equipment, which are appli- 
cable in urology are schematically presented in Table 
9.1. This section focuses mainly on the potential appli- 
cation of elasticity imaging, contrast-enhanced ultra- 
sound (CE-US), and novel tissue characterization algo- 
rithms that have come to the fore in uro-oncology. 


Elastography 

Elastography is a real-time, noninvasive method to im- 
age tissue hardness. It measures tissue motion caused 
by a force (excitation stress), to reconstruct tissue elas- 
tic parameters. Ultrasound detects the resulting tissue 
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Table 9.1 Technical advances in ultrasonography: An overview. 


(A) Main advantages/aims: Improved resolution 


Digital beam formers (programmability function, wide frequency range, dynamic apperture, apodization) 


Larger channel count (greater number of beam formers, i.e., crystal elements per data line) 


Coded pulse excitation technology (increases signal-to-noise ratio, preserves spatial resolution at larger depths) 


Harmonic imaging (higher than the transmitted frequencies received, artifacts eliminated/improved) 


Spatial compound imaging (multiple beams oriented along different directions image tissue multiple times) 


Electronic focusing by using array and matrix transducers 


Endoscopic and intraoperative ultrasonography (direct contact of transducer on the organ allows higher frequency use) 


(B) Main advantages/aims: Improved lesion detection and differentiation 


Elasticity imaging 
Contrast-enhanced ultrasonography 


(C) Other technical innovations (main advantages) 


Extended field of view imaging (inclusion of an entire large lesion in one image) 


Three- and four-dimensional imaging (whole volume view of solid structures and real-time delivery) 


displacement by the excitation stress, which can be 
either mechanical (static; slight compression by the 
transducer or dynamic; mechanical vibrators) or the 
radiation force of an ultrasound source. 

Hard tissues move as a unit and are displaced 
about the same amount when compressed, i.e., their 
displacement rate-of-change versus depth (strain va- 
lues) are minimal. Softer tissues present much more 
displacement closer to the source of the excitation 
force than far away, i.e., larger displacement rate-of- 
change versus depth. Therefore, harder areas within 
soft tissues show low strain values and are displayed 
dark, while softer areas show higher strain values and 
are displayed bright on the elastogram. Two classic 
parameters are used to describe tissue stiffness: the 
Young elastic modulus, which is the change in length 
of a material in relation to the stretching/compressive 
force applied; and the shear modulus, which relates 
the deformability of a material in response to the force 
applied parallel to one of its surfaces. 


Contrast-enhanced ultrasound 
Contrast agents consist of microbubbles with a diam- 
eter of 1-10um, injected intravenously that are small 
enough to pass through the pulmonary circulation and 
penetrate into the smallest microvessels. Their intro- 
duction along with new functional imaging techniques 
and special perfusion software permits imaging tumor 
neovascularity (10-50um) [1]. 

Microbubbles have evolved from the first genera- 
tion such as Levovist® (Schering; Berlin, Germany) 
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into the “modern” second-generation agents. These 
consist of an immunologically inert lipoprotein shell 
filled in with an inert gas. Currently, the most com- 
monly used agents include SonoVue® (Bracco Imag- 
ing, Milan, Italy), Optison® (Amersham Health AS, 
Oslo, Norway), and Definity® (Bristol-Myers Squibb, 
Billerica, Massachusetts), which differ in their physi- 
cal properties. They are generally safe and only minor 
side effects have been associated with their use (al- 
teration of taste, general/facial flush, local pain at the 
injection site) [2]. 

Contrast agents are very efficacious ultrasound scat- 
ters by contracting and expanding in response to the 
ultrasound beam energy. Due to the extremely large 
differences between the acoustic impedance of the gas 
and the surrounding liquid, a much stronger backscat- 
ter than blood or normal tissue is produced. There- 
fore, contrast agents provide the ideal way to image 
prostate or kidney tumors by means of microvessel 
imaging. 

Contrast agents are imaged by two basic methods: 
(a) color or power doppler (CD/PD) ultrasound and 
(b) gray-scale harmonic imaging. Conventional har- 
monic imaging has been further improved with the 
implementation of different techniques such as pulse 
inversion, intermittent imaging, flash-replenishment, 
and cadence contrast-pulse sequence (CPS) allowing 
better visualization of the microvasculature [3]. 

The improved resolution achieved to date due to 
the recent advances in ultrasound technology, to- 
gether with the sufficient computing power presently 
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available, has made possible three-dimensional (3D) 
renderings of ultrasound images and their real-time 
delivery (4D imaging). This produces whole volume 
views of solid structures, allowing an increased mea- 
suring accuracy of volumes, better appreciation of re- 
lationship to surrounding structure, and elimination 
of user-dependent scanning variation. 


Prostate cancer 


Prostate cancer shows an increase in both cell density 
and vascularization. The increased cell density leads to 
changes in tissue elasticity and may be visualized with 
elasticity imaging while the increased vascularization 
can be visualized with CE-US (Figure 9.1). 


Elastography 

The use of elasticity imaging for the detection of 
prostate cancer (PCa) is based on the fact that 
these tumors are firmer than the surrounding normal 


parenchyma. The prostate was the first organ to be 
considered for elasticity imaging [4]. 

A number of studies have recently been conducted 
in order to evaluate the role of this imaging modality 
in the detection of prostate cancer [5]. These stud- 
ies can be divided into two categories: (a) Group 
A (Table 9.2) in which the technique was evaluated 
solely on images (no targeted biopsies obtained) [6], 
(b) Group B: studies that evaluated the method as a 
tool to support or replace gray-scale transrectal ul- 
trasound (TRUS)-guided systematic biopsies based on 
elastography-targeted biopsy results. 

Cochlin et al [15] and König et al [16] conducted 
the first of such studies on 100 and 404 patients, re- 
spectively with TRUS-guided biopsies as the reference 
standard. There were mixed findings with poor sensi- 
tivity. Elastography-guided prostate biopsy was com- 
pared directly to systematic biopsy in 230 screening 
volunteers [17]. Up to five targeted biopsies from the 
peripheral zone were performed by an investigator 
and subsequently, another investigator blind to the 


Fig 9.1 CE-US (a) and conventional TRUS of the prostate 
in the same patient with prostate cancer (b). The suspi- 
cious lesion is depicted as a hypoechoic area (black arrow) 
in conventional TRUS. A much larger lesion is depicted 


by contrast enhancement (white arrow). Contrast agents 
may facilitate the detection of cancer providing additional 
information on tumor size. 
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Table 9.2 Elasticity imaging in the detection of prostate cancer. 


Reference 


Patients 


Reference 
standard 


Imaging modalities 
compared 


Main study results 


Taylor, 2005 [7]2 


Miyanaga, 2006 [8] 


Pallwein, 2007 [9] 


Tsutsumi, 2007 [10] 


Sumura, 2007 [11] 


Pallwein, 2008 [12] 


Salomon, 2008 [13] 


Eggert, 20084 [14] 


19 


29b 


11° 


15 


S1 


17 


492 


109 


351 


RPS 


PB 


RPS 


RPS 


RPS 


PB 


RPS 


PB 


3D-SE 


E 


3D-US 


TRUS/DRE 


TRUS 


TRUS/DRE 


CD/MRI 


TRUS 


TRUS 


3D-SE performs considerably better for 
tumors with volumes >1 cm? 


E performs significantly better: 
Detection rates: E (93%), TRUS (55%), 
DRE (59%) 


The two patients missed had 
well-differentiated PCa 


Similar detection rates for all 
modalities:° E (55%), TRUS (55%), 
DRE (64%) 

Accuracy 92%, Best sensitivity at the 
appex-mid gland 

Detection rates: E (84%), TRUS (31%), 
combination of modalities (100%) 
Excellent detection rate for anterior 
tumors. Lower detection rate for higher 
grade tumors 

Detection rate: E (74.1%), TRUS 
(48.1%), DRE (33.3%), CD (55.6%), 
MRI (47.4%) 


Detection rates similar at 
anterior-posterior gland, higher for 
higher Gleason scores or tumor volumes 
E accurately detects PCa. Promising 
results especially in the apex 

E accuracy (76%). E findings correlate 
best in the apex. 


Higher detection rates for higher 
Gleason score (up to 93% for scores >7) 


E does not improve detection rate 


3D-SE, three-dimensional sonoelastography, CD, color Doppler, DRE, digital rectal examination, E, elastography, MRI, 


magnetic resonance imaging, Pca, prostate cancer, RPS, radical prostatectomy specimens, TRUS, conventional transrectal 


ultrasonography, US, gray-scale ultrasonography. 


“Imaging performed in vitro. 


PPreviously untreated patients. 


Patients treated previously with hormone therapy. Elastography detection rate dropped possibly due to lesion 


softer-rendered consistency by treatment. 


4Randomized clinical trial, conventional TRUS-guided 10-core biopsy offered to both arms. One arm was additionally 


offered elastography prior to biopsy. 
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previous results, performed 10 conventional gray- 
scale TRUS-guided systematic biopsies. Prostate can- 
cer was detected in 35% of the population. The num- 
ber of men with prostate cancer detected by the two 
strategies did not differ significantly (targeted vs. sys- 
tematic: 30% vs. 25%, respectively). However, the 
difference in detection rates per core was significant 
(targeted vs. systematic: 12.7% vs. 5.6%). The tar- 
geted biopsy protocol in any one patient with prostate 
cancer was found to be 2.9-fold more likely to de- 
tect the tumor. Therefore, targeted biopsy protocols 
seemed to detect more cases of cancer with fewer than 
half the number of cores. No significant differences 
were detected regarding the distribution of Gleason 
scores. In addition, the detection rate for targeted 
biopsy was slightly better in the apical areas. This 
study may have overestimated the benefit of conven- 
tional TRUS-guided biopsy as the second investigator 
will have been able to see the tracts formed by the 
targeted biopsies. 

In a further study, targeted biopsies guided by con- 
ventional gray-scale TRUS, CD-US, and elastography 
were obtained along with systematic sextant biop- 
sies in 137 patients, in order to compare the de- 
tection of prostate cancer and distribution of Glea- 
son scores [18]. Targeted biopsies were more likely 
to detect cancer than systematic cores. Positive re- 
sults on CD-US and elastography were strongly as- 
sociated with high-grade and moderate- to high-grade 
cancers, respectively. It was concluded that CD-US 
and elastography are encouraging adjuncts to improve 
prostate cancer detection, although targeted biopsy 
alone was not sufficient to replace the sextant biopsy 
technique. 

Kamoi et al [19] compared elastography with con- 
ventional TRUS and PD-US in107 men. All under- 
went transperineal systematic 8-core biopsies plus up 
to four biopsies based on suspicious findings of each 
modality. Patient analysis showed that TRUS had 
a significantly lower sensitivity (50%) compared to 
the other two modalities (PD-US: 70%, elastogra- 
phy: 68%), but the specificities were similar. Accu- 
racies were comparable, ranging from 72% (TRUS) 
to 76% (elastography). The diagnostic performances 
did not differ significantly. The diagnostic perfor- 
mances of pair-wise or all-three modalities combina- 
tions were also similar. It was concluded that elas- 
tography should complement conventional TRUS for 
minimizing the number of missed cancers. 


Based on the above data, it seems that elastogra- 
phy combined with TRUS represents a simple, non- 
invasive, relatively cheap technique that can be used 
for targeted biopsies and may reduce the number of 
biopsy cores per patient. Nevertheless, further clinical 
trials are still needed to better define the advantages 
and the exact role of this relatively novel technique in 
the diagnosis of prostate cancer. 


Contrast-enhanced ultrasound 

CE-US may potentially facilitate the detection of 
prostate cancer by providing additional information 
on tumor size and possibly aggressiveness. A multicen- 
ter study was carried out in four European countries 
during the period 2002-2006 (CONTRAST, QLRT- 
2001-2174) in order to determine the value of CE-US 
in the detection, localization, and treatment follow- 
up of prostate cancer. Recently, the results based on 
3746 patients have been reported and compared to 
published data [2]. The individual studies employed 
various contrast agents imaged by, (a) CD-US [20], 
(b) 3D-PD-US [21], and (c) novel nonlinear imaging 
techniques (CPS). 

It appears that technical improvements led to an in- 
creased sensitivity for the detection of perfusion pat- 
terns as demonstrated by correlation of histological 
findings in radical prostatectomy specimens with pre- 
operative CE-US images. Both 3D-CE-PD- and CE- 
CD-US could visualize lesions with an increased mi- 
crovascular density. It was found that 3D-CE-PD-US 
was a better diagnostic tool than digital rectal ex- 
amination, PSA, gray-scale, or PD-US; and that the 
combination of 3D-CE-PD-US and PSA was the most 
predictive for Prostate cancer. It was shown that CE- 
US based on wide-band harmonic imaging improved 
the sensitivity for prostate cancer detection, but also 
demonstrated false positives in the form of focal en- 
hancement in areas of benign hyperplasia. Neverthe- 
less, accurate detection of localized tumors was re- 
ported in up to 78% of patients with 3D-CE-PD-US 
[21]. In a larger group of 70 patients evaluated with 
the same technique, diagnosis by imaging alone was 
improved from 61% (standard detection and staging 
investigations) to an average of 86% of tumors with 
detection of foci >5 mm in 68-79% [22]. In another 
small series, all tumors with extracapsular extension 
could be identified using microvascular imaging [2]. 

The clinical value of these promising results should 
be tested in a diagnostic setting. The effect of 
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CE-US on the prostate biopsy protocol and the de- 
tection rate has been extensively investigated. The Eu- 
ropean collaboration described above concluded that 
a clear association exists between prostate contrast 
enhancement and diagnosis of clinically significant 
prostate cancer. In addition, to the increased sensi- 
tivity of CE-US targeted biopsy, fewer biopsies are 
needed with the tumors detected by targeted biopsies 
a higher Gleason score than TRUS-guided biopsies 
which are subject to random error [2]. 

These findings are in accordance with results from 
studies outside the European multicenter study. By 
employing various CE-US methods including novel 
nonlinear imaging techniques (intermittent harmonic 
imaging, flash-replenishment, CPS), these studies ei- 
ther directly compared gray-scale ultrasound-guided 
systemic with CE-targeted biopsy protocols [23] (Ta- 
ble 9.3) or investigated the contribution of CE-US on 
systematic biopsy protocols [24] and its value in pre- 
dicting the nature of hypoechoic lesions [25]. 

Currently, CE-US enables visualization of prostate 
cancer, and the detection rate is increased by the ap- 
plication of targeted biopsies upon a random proto- 
col. However, sensitivity and specificity are still not 
high enough to warrant the abandonment of system- 
atic random biopsies. The ability of CE-US to image 
prostate perfusion might enable visualization of min- 
imal invasive or medical treatment effects that influ- 
ence the perfusion of the organ (HIFU/cryoablation, 
hormone therapy) in prostate cancer and identify pa- 
tients with early relapse using the presence or absence 
of blood signals as an indicator [26]. 


Three-dimensional and four-dimensional 

imaging 

Early work on prostate imaging identified several ad- 
vantages of 3D over 2D TRUS with an improved di- 
agnostic capacity, accurate diagnosis of extraprostatic 
tumor extension, and staging of localized prostate 
cancer [27]. The 4D technique has been used during 
TRUS-guided prostate biopsies improving diagnostic 
accuracy. Further clinical applications of 3D TRUS in- 
clude treatment mapping for brachytherapy radioac- 
tive seeds placement and guidance for cryoablation of 
localized prostate cancer. 


Tissue characterization 
Recently, a novel computer-aided ultrasound tech- 


nology based on tissue characterization algorithms 
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(HistoScanning™, Advanced Medical Diagnostics, 
Waterloo, Belgium) has been introduced as a tool with 
the potential to detect prostate cancer. HistoScanning 
is a tissue differentiation, visualization, and quantifi- 
cation imaging tool that identifies specific changes in 
solid organ morphology by extracting and quantifying 
statistical features from 3D backscattered ultrasound 
data. The geometric accuracy of the system facilitates 
identification of minimal, localized tissue structures. 
The characterization algorithms exploit the specific 
physical changes to sound waves that result from their 
interaction with the tumor and can be applied in dis- 
crete regions of interest in the prostate to ascertain the 
presence of cancer. HistoScanning™ can spatially ori- 
entate cancer foci within the gland, enabling both de- 
termination of their location and volume. It has been 
reported that foci of >0.50 mL can be accurately de- 
tected [28], and it has been proposed as a potential 
triage test for men deemed to be at risk of prostate 
cancer who wish to avoid biopsy. 


Kidney cancer 


Contrast-enhanced ultrasound 

CE-US has been the major improvement in ultrasound 
technology applied to the diagnosis and staging of 
RCC. It has focused mainly on the diagnosis of com- 
plex renal masses (Figure 9.2) and on the evaluation 
of tumor vascularity to characterize a lesion as be- 
nign or malignant (Figures 9.3 and 9.4). CE-US can 
play an important role in differentiating and charac- 
terizing solid lesions and complex cystic masses of the 
kidney. Tamai et al [29] assessed the value of CE-US 
as a diagnostic tool for solid renal tumors in compar- 
ison to contrast CT. CE-US was more sensitive in the 
detection of small amounts of tumor blood flow as 
well as a useful tool in the preoperative diagnosis of 
hypovascular malignant renal tumors. 

CE-US was compared with triple-phase helical CT 
in the classification of complex renal cysts using the 
Bosniak system. A complete concordance was found 
regarding the differentiation of surgical and nonsurgi- 
cal complex cysts with a high interobserver agreement. 
In a similar study, Park et al [30] compared CE-US 
with CT. The difference between the diagnostic accu- 
racies of the two modalities was statistically insignifi- 
cant, although CE-US had greater accuracy rates. CE- 
US might better visualize septa number, septa and wall 
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(a) (b) 


Fig 9.2 CE-US of a kidney with a simple cyst. In the CPS image (a) the cyst is identified as a simple one, while in the conven- 
tional B-mode image (b) it appears as a complex one. 
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(a) (b) 


Fig 9.3 CE-US of the kidney. The presence of a renal tumor is better visualized by CPS technology (white arrow) compared to 
the conventional B-mode imaging. 


148 


IMAGING IN DIAGNOSIS AND STAGING OF UROLOGICAL CANCERS: ULTRASOUND, CT, AND PET 


(a) 
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(b) 


Fig 9.4 CE-US of the kidney. The presence of a renal tumor is imaged by CPS technology (white arrow), but it is missed on 


the conventional B-mode. 


thickness, solid components, and the enhancement of 
some renal cystic masses; resulting in upgrading of the 
Bosniak category assigned by CT and thus a change 
in the treatment plan (Figure 9.5). 

It has been reported that CE-CD-US achieves bet- 
ter results compared to conventional CD-US in the 
detection of tumor vascularity and discrimination be- 
tween benign and malignant small renal masses [41]. 
The detection rate of intra- and/or peritumor vessels 
with the use of contrast agents was twice that achieved 
without their use. The characteristics of renal tumor 
perfusion detected by CE-US based on CPS technol- 
ogy was investigated and compared to clinical diag- 
noses and histological findings [42]. It was reported 
that CPS may have a role in determining perfusion 
patterns in kidney tumors. The same technique was 
also evaluated in the diagnosis of small renal masses 
(<4 cm) [43]. Similar diagnostic accuracy to MD-CT 
was shown for renal masses of 2—4 cm, while it was 
reported that CE-US was superior for lesions smaller 
than 2 cm. 


Other techniques 

Elasticity imaging for visualization of renal masses has 
only recently been investigated in vivo. Fahey et al [44] 
evaluated acoustic radiation force impulse imaging for 
real-time visualization of abdominal malignancies in- 
cluding two renal masses. They concluded that acous- 
tic radiation force impulse imaging improves the visu- 
alization of kidney malignancies compared to the sole 
use of conventional ultrasound. In addition, imaging 
with 3D/4D-US may have several applications, such as 
evaluation and follow-up of renal lesions, execution 
of renal/adrenal biopsies, and percutaneous ablative 
procedures. 


Bladder cancer 


Cystoscopy still remains an invasive procedure with 
drawbacks and limitations, such as failure to evaluate 
adjacent structures, risk of urinary tract infection, pa- 
tient discomfort and anxiety, and iatrogenic injury of 
the lower urinary tract [45]. Nevertheless, the advent 


149 


CHAPTER 9 


Fig 9.5 CPS 3D reconstruction of a complex renal cyst. 1, 2 and are the different space planes of the lesion which is viewed in 


4 as a 3D reconstruction. 


of flexible instruments and digital chip technology has 
significantly increased its tolerability. Recently, efforts 
have centered on the development of new noninvasive 
techniques for the evaluation of the bladder. 3D- ver- 
sus 2D-US of the bladder has been recently evaluated 
in 42 patients with hematuria [46]. 3D-US showed a 
better diagnostic performance with an overall correct 
diagnosis in 86% of the cases. The sensitivity for the 
detection of malignant and benign bladder lesions was 
100% and 71%, respectively. 

In a similar study, virtual cystoscopy based on 3D- 
US data was evaluated for the detection of blad- 
der tumors [47]. The sensitivity, specificity, positive, 
and negative predictive values were 96.2%, 70.6%, 
93.9%, and 80%, respectively. When combined with 
gray-scale multiplanar reconstruction, the sensitivity, 
specificity, positive, and negative predictive values in- 
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creased to 96.4%, 88.8%, 97.6%, and 84.2%, respec- 
tively. 


Testicular cancer 


Testicular tumors are usually diagnosed clinically 
by physical examination and pathologically after or- 
chidectomy. Imaging of the testis with ultrasound is 
used to confirm the presence of an intratesticular mass 
or in case of uncertainty about the clinical findings 
or to examine the contralateral testis to detect the 
presence of bilateral synchronous tumors. In current 
practice, high-resolution ultrasound combining gray 
scale and colour techniques (CD, PD) represents an 
extension and supplement to clinical evaluation. It 
is considered irreplaceable in the diagnostic work-up 
and the imaging modality of choice in patients with 
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testicular cancer [48]. Ultrasound can be performed 
with minimal patient discomfort, at low-cost and 
without posing any risks. Despite its indisputable 
value in diagnosis; it has no role in staging with CT 
remaining the imaging technique of choice for this. 

Recent technological advances such as the intro- 
duction of high frequency probes, have significantly 
improved the diagnostic performance, providing in- 
formation on the normal anatomy, the morphological 
features, as well as relevant data on the vascular supply 
of the lesions. Despite its high sensitivity, ultrasound 
is not wholly sufficient for differentiating between be- 
nign and malignant solid lesions [49]. However, it can 
differentiate between intratesticular and extratesticu- 
lar masses and determine their nature (cystic, solid, 
or complex). It is especially helpful in cases of clini- 
cal uncertainty, such as cases of impalpable tumors, 
suspicion of an occult primary testicular lesion, or in 
examining the contralateral testis to identify bilateral 
synchronous masses. 

CD/PD-US cannot determine the type of a testicular 
tumor since the detection of vascularity depends upon 
the size rather than the histology. Tumors smaller 
than 1.6 cm tend to be hypovascular, while larger tu- 
mors are hypervascular [50]. Nevertheless, ultrasound 
color techniques may help in the visualization of a 
subtle small tumor and differentiate an avascular in- 
tratesticular hematoma from a vascular tumor. This 
is very important in patients presenting with a history 
of trauma. CD-US cannot be used to separate a fo- 
cal inflammatory testicular mass from a tumor since 
hypervascular neoplasms have a similar appearance to 
inflammation. The sonographic features of the various 
types of testicular tumors are summarized as follows 
(Figure 9.6): 

a Seminomas are well marginated, but can be ill- 
defined, round to oval-shaped. They are hypoechoic in 
comparison to the echotexture of the adjacent normal 
parenchyma. They contain diffuse low-level echoes 
without cystic areas or calcified foci. They can be mul- 
tifocal and less commonly present a diffusely infiltra- 
tive pattern. 

b Embryonal cell carcinomas are inhomogeneous, 
poorly marginated, and produce a lobulated testis out- 
line due to invasion of the tunica albuginea. Cystic 
areas are common and foci of increased echogenicity 
with acoustic shadowing may be present. 

c Teratomas are well-defined but have an inhomoge- 
neous echo texture due to the presence of cystic areas 


and calcified foci (calcifications within areas of carti- 
lage, bone, and fibrous tissue), which produce acoustic 
shadowing. 

d Choriocarcinoma exhibits a complex echo pattern 
due to the presence of hemorrhage, necrosis, and cal- 
cification. Patients can present with metastatic chori- 
ocarcinoma without any evidence of a mass in the 
testis. 

e Stromal tumors can appear hypoechoic when small, 
while larger tumors are more complex due to the pres- 
ence of necrotic and hemorrhagic areas. 

f Metastatic tumors are most commonly non- 
Hodgkin lymphoma. Lymphoma is the most common 
cause of bilateral testicular masses. The tumor is hy- 
poechoic and may present as a focal well-defined mass 
or as a diffuse infiltrating process that replaces some 
or most of the parenchyma and enlarges the testis. 
CD demonstrates hypervascularity. Areas of necro- 
sis, hemorrhage, and calcifications are rarely seen. 
Leukemia has a similar sonographic appearance to 
lymphoma and is often bilateral as well. 


Computed tomography 


CT constitutes an integral part of the daily urological 
practice. CT technology has progressed rapidly since 
the introduction of the first helical scanners in the 
early 1990s, revolutionizing the value of this imaging 
modality in urology. The earliest helical CT devices 
allowed continuous data acquisition as a patient was 
advanced through the scanner. A thin beam with a 
single row of detectors was used providing high reso- 
lution only in the primary axial slice orientation. Dur- 
ing the last years, additional rows of detectors have 
been added and the beam shape has been widened 
to simultaneously expose many rows of detectors (up 
to 256 currently in development) permitting a true 
volume acquisition. This latest CT technology, re- 
ferred to as MD-CT has reduced acquisition times, 
and has offered higher resolution images through the 
entire abdomen in a single breath-hold, transforming 
CT from a transaxial cross-sectional technique into 
a true 3D imaging modality that allows for arbitrary 
cut planes as well as excellent 3D displays of the data 
volume. Advantages and disadvantages of MD-CT are 
presented in Table 9.4 [51] (Figure 9.7). 

A major application of 3D CT in urology is CT- 
urography (CTU) because it provides a complete 
evaluation of the urinary collecting system. MD-CTU 
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Fig 9.6 Nine different ultrasound testicular images con- 
firmed by pathological report. (a) classic seminoma, (b) 
mixed germ cell tumour with calcifications (white arrow), 
(c) Leydig cell tumour with calcifications (white arrow), (d) 
mixed germ cell tumour, (e) classic seminoma with solid 
component, (f) complex seminoma with hypoechoic com- 


may be defined as the examination of the urinary 
tract by MD-CT in the excretory phase, following 
intravenous contrast administration [52]. A variety 
of protocols are used at different centers whereas the 
range of indications has rapidly expanded. (Figure 9.8) 
Table 9.5. 
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pound, (g) Leydig cell tumour (anechoic lesion with poste- 
rior reinforcement) mimicking a cystic lesion, (h) testicular 
infarction, (i) Embryonal carcinoma, mimicking infarction 
(in both cases CD-US signal is around the lesion but not 
inside). 


Renal cell carcinoma 


CT is an excellent imaging modality for the evaluation 
of a renal mass providing additional information on 
the function and morphology of the contralateral kid- 
ney. A dedicated imaging protocol is necessary, which 
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Fig 9.7 MDCT of a renal tumor. Surgery plan is facilitated by this technology. See also plate 9.7. 


Table 9.4 Advantages and disadvantages of Multidetector Computed Tomography. 


Advantages 


Clinical implication 


Improved temporal resolution 
Improved spatial resolution 


Increased concentration of intravascular contrast material 
due to faster scanning 


Efficient x-ray tube use due to faster scanning 


Simultaneous registration of multiple sections during each 
rotation, and increased gantry rotation speed 


Reliable image quality with minimal motion artifacts 
Improve resolution in the z axis leads to increasing 
diagnostic accuracy 


Improved conspicuity of arteries and veins 


Diminished x-ray tube heating and less delay for x-ray 
tube cooling 


Longer anatomic coverage, thanks to multiple detectors 
scanning 


Disadvantages 


Clinical implication 


Increased data load 
Increased radiation dose due to multiphase, thin-section 
imaging 


Time-consuming for the radiologist 
Increased exposure (consideration especially for younger 
population under follow-up) 
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Table 9.5 The role of CT in diagnosis and staging of urological cancer. 


Diagnosis 


Staging 


Prostate No role 


Renal Cell Carcinoma Reference standard 


Bladder Cancer Limited 
Upper TCC Method of choice 
Penile cancer No role 
Testicular cancer No role 


Limited 

High performance in T- and M-staging 

Poor in N-staging. 

Recommended 

Recommended 

Limited only where indicated 

Recommended but limited in small volume lymphadenopathy 


includes three imaging series performed during breath- 
hold: precontrast imaging, corticomedullary phase, 
and late nephrographic/early excretory phase [53]. 
High accuracy (sensitivity up to 100%, specificity 
up to 95%) has been reported in the detection of RCC 
using a triple-phase technique [54]. The key features 
in distinguishing a renal lesion on CT include char- 


acterization of the mass as cystic or solid, enhance- 
ment (attenuation change from the noncontrast to the 
contrast-enhanced images), presence and type of cal- 
cification, and presence of fat. 

Several studies have been published on the dif- 
ferentiation of benign from malignant cystic masses 
of the kidney. CT provides information by assessing 


Fig 9.8 CTU and MDCT, which allows urography to be viewed form different angles. 
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wall thickness, presence and thickness of septa, calci- 
fications, cyst attenuation, and foci of enhancement. 
The Bosniak classification system (Grade I to IV) 
grades the cystic renal masses for the likelihood of 
malignancy [55] based on the presence of enhancing 
soft tissue (either as mural nodule or thickened cystic 
wall/septation) and shows the highest sensitivity for 
predicting malignancy. 

On the other hand, limited research has been per- 
formed on the differentiation of solid renal tumors 
based on CT findings. In principle, the presence of 
calcifications in a solid renal mass indicates possible 
malignancy, while the presence of fat on the precon- 
trast images is suggestive of angiomyolipoma (AML). 
RCC rarely contains fat or lacks calcifications [56]. It 
is recommended that renal masses containing both fat 
and calcification should be considered malignant. 

It is well accepted that the most consistent and im- 
portant imaging criterion for the characterization of 
renal tumor subtype is probably the degree of en- 
hancement. Clear cell RCCs and oncocytomas en- 
hance avidly, chromophobe carcinomas and lipid poor 
angiomyolipomas enhance moderately, whereas papil- 
lary tumors enhance the least during the parenchymal 
phase [57]. In addition, the vast majority of clear cell 
RCCs are hypervascular and demonstrate a hetero- 
geneous enhancing pattern of mixed solid soft-tissue 
components and low-attenuation areas that may rep- 
resent cystic or necrotic changes. Chromophobe tu- 
mors are less hypervascular than clear cell tumors, 
and are more variable in their degree of enhancement 
with a more peripheral pattern of enhancement. How- 
ever, their appearance is not sufficiently characteristic 
to allow them to be reliably differentiated from pap- 
illary lesions [57]. Papillary RCCs are typically hypo- 
vascular, and most commonly demonstrate a homoge- 
neous or peripheral enhancement pattern. Since these 
lesions accumulate contrast material more slowly, de- 
layed images may be helpful in confirming enhance- 
ment. A low tumor-to-aorta or tumor-to-normal renal 
parenchyma enhancement ratio is highly indicative of 
papillary RCC. Finally, oncocytomas cannot be reli- 
ably differentiated from RCCs on the basis of imaging 
features and degree of enhancement. 

Studies have shown that CT has a staging accuracy 
of up to 91% making it the imaging method of choice 
in most cases [58]. The European Association of Urol- 
ogy (EAU) guidelines indicate that abdominal CT can 
detect extrarenal tumor spread providing information 


on venous, locoregional lymph node, adrenal gland, 
and liver involvement [59]. However, one of the main 
limitations is the correct identification of perirenal fat 
invasion, to distinguish T2 and T3a lesions. Perirenal 
stranding is found in about half of the patients with 
localized (T1 and T2) tumors, and it does not reliably 
indicate tumor spread. It may be caused by edema, 
vascular engorgement, or previous inflammation. It 
seems that CT-based distinction between confinement 
of RCC to the true renal capsule and extension into 
the perirenal fat is currently not fully reliable. 

The imaging assessment of renal veins and the in- 
ferior vena cava (IVC) is crucial in the evaluation of 
patients with RCC, as these features impact on the op- 
timal surgical approach. The presence of a thrombus 
in the renal vein or IVC may represent tumor throm- 
bus, blood clot, or both. The presence of enhance- 
ment within the thrombus indicates tumor thrombus. 
Current CT techniques have reported sensitivities and 
specificities of 85% and 98%, respectively for detect- 
ing renal vein thrombus [60]. However, the imaging of 
the superior extent of tumor thrombus remains a prob- 
lem even for MD-CT. On CT, it is difficult to accu- 
rately obtain optimal venous opacification, and there 
are some limitations in distinguishing bland thrombus 
from tumor thrombus and invasive from noninvasive 
tumor with respect to the vessel wall. 

With respect to lymph node staging, the sensitivity 
of CT for detection of regional lymph node metastases 
has been found to be as high as 95% using a cut-off 
value of 1 cm for short-axis nodal size [61]. Over- 
all accuracies of 83% and 89% have been reported 
[61,62]. However, enlarged nodes are not necessar- 
ily metastatic rather reactive so false -positive findings 
up to 58% have also been reported [61]. Chest CT is 
the most accurate investigation for chest staging, but 
at the very least routine chest radiography, albeit a 
less accurate alternative must be done for metastatic 
evaluation. 


Transitional cell cancer of the bladder 


Cystoscopy remains the gold standard for evaluation 
of the bladder and detection of transitional cell cancer 
(TCC) of the bladder. Imaging is a useful supplement 
to cystoscopy. A standard CT protocol for patients 
with known or suspected bladder cancer consists of 
a noncontrast followed by a contrast-enhanced CT 
scan. This can be valuable in distinguishing a blood 
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clot, wall edema, or tissue debris from a mass based 
on its enhancement characteristics [63]. Bladder can- 
cer may show various patterns of tumor growth along 
the bladder wall, including papillary, sessile, infiltrat- 
ing, mixed, or flat intraepithelial growth while calci- 
fications may also be present [64]. MD-CT improves 
the accuracy of CT offering greater speed, improved 
spatial resolution, and wider coverage. High-quality 
multi-planar reconstructions with MD-CT have im- 
proved the sensitivity of CT in the detection of bladder 
tumors, especially those located at the base or dome. 
Cancers less than 1 cm can now be routinely detected. 

CT scan is unable to differentiate between stages 
Ta to T3a, since it does not depict the individual lay- 
ers of the bladder wall. For this reason, CT is not 
recommended for staging noninvasive bladder cancer 
(Ta and T1 disease). It can however distinguish T3a 
from T3b or higher stage tumors. CT features that 
suggest perivesical invasion include loss of the clear 
interface between the bladder wall and the adjacent 
fat, and irregularity or stranding in the perivesical fat. 
MD-CT offers excellent inherent contrast between the 
bladder and extraperitoneal fat, which helps in the de- 
tection of extravesical spread and allows evaluation of 
multiple organs in the abdomen for metastatic disease 


and for complications such as hydronephrosis. Adja- 
cent organ invasion can be excluded if a clear plane 
of separation is preserved, although the presence or 
absence of the fat plane is not completely reliable for 
determination of microscopic invasion. 

The assessment of nodal metastasis based simply on 
size is limited by the inability of CT to identify metas- 
tases in normal sized or minimally enlarged nodes. 
Similar to the evaluation of nodal status of other or- 
gans, pelvic and abdominal nodes with a maximum 
short axis diameter greater than 8 mm and 10 mm, 
respectively should be considered enlarged [65]. The 
specificity is low as nodal enlargement may be due to 
benign pathology, the sensitivity ranging from 48% 
to 87% [65]. 

The overall reported CT accuracy in detecting and 
staging bladder cancer varies between 64% to 97%, 
whereas that for perivesical invasion and for lymph 
node metastases ranges from 83% to 93% and 73% to 
92%, respectively [66]. In addition, the sensitivity and 
specificity of MD-CTU for the diagnosis of perivesical 
invasion is 89% and 95%, respectively (Figure 9.9). 

Other considerations regarding the use of CT for 
bladder cancer staging include the need for an ade- 
quately distended bladder for accurate interpretation, 


(a) 


Fig 9.9 Staging MDCT of an invasive bladder tumor. (a) 
Transversal view showing a big bladder tumor (left bladder 
wall) with retraction of the perivesical fat (white arrow), 
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(b) 


suggestive of tumour invasion (T3-T4), (b) Coronal view 
allowing a better localization of the tumor. 
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and optimal timing for the performance of CT. 
Overdistension of the bladder may result in underesti- 
mation of the bladder wall thickness and effacement of 
fat planes between the bladder and the adjacent struc- 
tures. Overstaging may result from misinterpretation 
of normal fat planes between the posterior bladder 
wall and the seminal vesicles. In a study of 65 patients 
assigned to four groups (less than or equal to T1, T2- 
T3a, T3b, or T4 disease), the accuracy was reported 
to be 90.5% for contrast-distended bladder images, 
95% for air-distended bladder images, and 87% in 
noncontrast studies [67]. In addition, early postoper- 
ative CT, may also lead to inaccurate staging. Recent 
transurethral resection of bladder tumor frequently 
causes linear or focal enhancement along the bladder 
mucosa or wall, bladder wall thickening, perivesical 
fat stranding, or fibrosis, limiting the specificity of CT. 
This can be avoided by performing the examination 
after an adequate time interval postoperatively or ide- 
ally before any intervention to avoid over-staging due 
to perivesical fibrosis. Kim et al found that sensitivity 
and specificity for perivesical invasion detection by CT 
were 92% and 98%, respectively, when performed 7 
or more days after the resection. Sensitivity and speci- 
ficity were 89% and 95%, respectively, in a cohort of 
67 patients without a postoperative CT delay [66]. 

For patients with confirmed muscle-invasive blad- 
der cancer, MD-CT of the chest, abdomen, and pelvis 
is the optimal form of staging, including MD-CTU 
for complete examination of the upper urinary tract. 
Metastases to bones or brain at presentation of inva- 
sive bladder cancer are rare. 


Transitional cell cancer of the upper urinary tract 


In many centers, CTU is used as an alternative to con- 
ventional intravenous urography (IVU). Recent stud- 
ies have also shown higher detection rates for upper 
and lower tract urothelial malignancies with CTU over 
IVU. In addition, CTU requires a shorter examina- 
tion time, allows more detailed evaluation of the renal 
parenchyma and perirenal tissues and permits a bet- 
ter evaluation of obstructed collecting systems. EAU 
guidelines indicate that CTU is more informative than 
IVU in invasive tumors of the upper tract, and con- 
sider MD-CTU the technique of choice for the diagno- 
sis of upper urinary tract urothelial cancer [65]. It is 
also suggested that MD-CTU should be incorporated 


into the CT staging protocol to rule out extravesical 
carcinoma. 

CT is well established in the preoperative staging 
and assessment of upper tract TCC, although sensi- 
tivity limitations of this modality have been reported 
[68]. The introduction of CTU offers single breath 
hold coverage of the entire urinary tract, improved 
resolution, and the ability to capture multiple phases 
of contrast material excretion. Upper tract urothelial 
neoplasms commonly present as a single or as mul- 
tiple irregular filling defects on CTU. Recent studies 
evaluating the ability of MD-CTU to detect urothe- 
lial tumors in the renal collecting system or in the 
ureter have reported very promising results. It has 
been shown that MD-CTU can detect urothelial tu- 
mors in up to 89% [69]. Fritz et al found that MD- 
CTU is an accurate means for detection and staging 
of upper urinary tract TCC, with accuracy for tumor 
detection and overall staging of 100% and 87.8%, 
respectively [70]. In addition, organ-confined disease 
was correctly staged in 28/29 tumors (96.6%) while 
stage locally advanced tumors were correctly classified 
in 8/12 patients (66.6%) [70]. 

Considerations regarding the use of CTU include 
the need for adequate distension and opacification of 
the ureter for the detection of small upper tract lesions 
and the increased radiation exposure [71]. Therefore, 
different protocols and techniques have been devel- 
oped to overcome these limitations. Currently, the di- 
agnosis of nodal metastases with CTU is based on 
anatomic size criteria. Therefore, CTU has the same 
limitations as the other CT phases in the detection 
of normal-sized lymph nodes with metastatic involve- 
ment or in differentiating enlarged nodes due to a be- 
nign process. 


Prostate cancer 


There is virtually no place for CT in the detection or 
local primary tumor staging of prostate cancer. This 
is due to the fact that the margins of the prostate are 
poorly defined on CT, and that intraprostatic anatomy 
is not well demonstrated. However, because of the 
increased temporal resolution, MD-CT more clearly 
depicts intraprostatic anatomy. 

The major role of CT, especially with the multi- 
slice technique, is in nodal staging. Typically, the cri- 
terion used to identify a metastatic node is a short-axis 
measurement greater than 10 mm. However, since 
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nodal metastases are often microscopic, CT cannot 
be used to reliably detect all cases. In addition, the 
majority of patients with newly diagnosed localized 
prostate cancer are at low risk for metastasis, and the 
diagnostic yield of the CT is low. In a subgroup of 
such patients with a serum PSA level of less than 20 
ng/mL, the likelihood of positive findings on abdom- 
inal/pelvic CT is extremely low (<1%) [72]. There- 
fore, CT may be warranted only in patients with a 
very high risk of harbouring lymph node metastases 
since the specificity of a positive scan is high (93-96%) 
[73]. The American College of Radiology recommends 
the use of CT for patients with a PSA level greater 
than 10.0 ng/mL and a biopsy Gleason score greater 
than 6 [74]. 

The best available evidence regarding the diagnostic 
accuracy of preoperative CT in the diagnosis of lymph 
node metastases in prostate cancer is derived froma re- 
cent meta-analysis [75]. A total of 1024 patients with 
CT data from 18 studies were included and results 
were compared to those obtained with magnetic res- 
onance imaging (MRI) [75]. Sensitivity and specificity 
of CT in individual studies ranged from 5% to 94% 
and 59% to 99%, respectively; while the respective 
pooled sensitivity and specificity was 42% (95% CI: 
20-56%) and 82% (95% CI: 80-83%), respectively. 
Studies showed variability regarding the reported di- 
agnostic odds ratios (0.07 to 92.48). In addition, the 
average prevalence of lymph node metastasis in this 
patient population was 0.17 for CT and when this was 
used as a pretest probability, the post-test probabili- 
ties of a positive and negative test were 0.31 (95% CI: 
0.23-0.4) and 0.12 (95% CI: 0.1-0.16), respectively. 
The authors concluded that both CT and MRI have 
an equally poor diagnostic performance regarding the 
detection of lymph node metastases in prostate can- 
cer, and that the reliance on their results misdirects the 
therapeutic strategies offered to patients. It is therefore 
clear to see why EAU guidelines on prostate cancer in- 
dicate that accurate lymph node staging can only be 
determined by operative lymphadenectomy [74]. CT 
has also been used to monitor bone metastases, but 
bone scan and MRI have been reported to be superior 
to CT in the diagnosis of bone metastases [76]. 


Testicular cancer 


CT has no role in the diagnosis of testicular tumors, 
but it remains the imaging technique of choice in stag- 
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ing testicular germ cell tumors (GCT). EAU guidelines 
suggest that retroperitoneal and mediastinal lymph 
nodes are best assessed with CT scan, whereas the 
supraclavicular nodes are best assessed by physical 
examination [77]. Lymph node metastases may vary 
in size from a single small-volume node of 10 mm 
in diameter to huge intra-abdominal retroperitoneal 
masses. Large volume seminomatous disease usually 
exhibits a soft-tissue density, but occasionally may 
present with a central low-density area secondary to 
necrosis. In large volume nonseminomatous (NSGCT) 
disease, complex cysts associated with foci of soft tis- 
sue may be seen. Large-volume NSGCT masses are 
frequently heterogeneous in density, being composed 
of multiloculated complex cystic areas as well as soft- 
tissue elements. The diagnosis of large-volume disease 
is easily made on CT, but the diagnosis of small vol- 
ume lymphadenopathy may prove to be very difficult 
and represents the main limitation of CT imaging. 
The overall sensitivity of abdomino-pelvic CT scan- 
ning has been reported to be between 70% and 80% 
with the accuracy dependent on the size of the nodes 
[77]. 

Several studies have been performed to assess the di- 
agnostic value of different lymph node size thresholds. 
In general, by reducing the lymph node size accepted 
as normal, the likelihood of detecting positive nodes 
increases, but the specificity of the test decreases. For 
practical purposes a 10 mm cut-off is used to differ- 
entiate between normal and abnormal lymph nodes. 
Nodes measuring between 8 mm and 10 mm are con- 
sidered suspicious. A parameter that should also be 
taken into account is that normal nodes in the supe- 
rior retroperitoneum are smaller than those in the infe- 
rior retroperitoneum on CT. However, occult micro- 
scopic metastases are present in 25-30% of patients 
with testicular cancer, and they cannot be detected 
by CT [77,78]. False-negative results are therefore in- 
evitable, but the number of false-negative examina- 
tions can be minimized by eliminating observer error 
and recognizing the limitations of imaging. The dif- 
ferentiation of nodal enlargement from bowel loops 
or vascular abnormalities can be facilitated using a 
modern MD-CT unit with multiplanar reformations 
(Figure 9.10). 

Diagnosis of small-volume metastatic disease is cru- 
cial for patient management since it can alter thera- 
peutic decisions. For this reason, new imaging modal- 
ities including PET and MRI with lymphotrophic 
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(b) 


Fig 9.10 MDCT of a testicular tumour in a patient with after chemotherapy, (c) transversal view of the retroperi- 
NSGCT. a-b: at diagnosis, (a) transversal view of the toneum, in which down sizing of the lesion can be seen, (d) 
retroperitoneum, in which a huge mass is observed, (b) coronal view of the residual mass. 


sagital view allows better visualization of tumour size. c-d: 


nanoparticles have been developed to improve diagno- cally visible, in seminoma and those with a positive 
sis of involved lymph nodes. A chest CT is mandatory abdominopelvic CT scan [77]. Chest MD-CT has not 
in all patients with NSGCT, as up to 10% can present been shown to increase nodule detection compared to 
with small subpleural nodes that are not radiologi- single-slice CT for slice thicknesses of 5 mm. 
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Penile cancer 


The presence and extent of primary tumor and lymph 
node metastasis represent significant prognostic fac- 
tors in penile cancer with important treatment impli- 
cations. The role of CT in staging (both locoregional 
and distant) is limited. Physical examination can esti- 
mate the extent of the primary lesion that determines 
its T-stage [79]. Imaging modalities including ultra- 
sound or MRI have been used in order to identify 
the depth of tumor invasion, particularly with regard 
to corpora cavernosa infiltration [80]. On the other 
hand, CT seems to be inferior to MRI in the eval- 
uation of primary penile cancer due to the superior 
soft-tissue contrast resolution of MRI. 

There is no indication for imaging or histological 
examination if the inguinal nodes are impalpable [79]. 
Since CT differentiates lymph nodes based on their 
size and shape, and lymph nodes frequently undergo 
reactive enlargement in penile cancer, a relatively high 
rate of false-positive lymph node findings has been re- 
ported [80]. In addition, occult metastases in normal- 
sized lymph nodes will go undetected. 

The use of pelvic/abdominal CT is recommended in 
patients with proven inguinal lymph node metastasis 
in order to identify deep pelvic and retroperitoneal 
lymph nodes as well as more distant sites of metasta- 
sis. Zhu et al evaluated the role of CT in the prediction 
of pelvic lymph node metastases in comparison to the 
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state of Cloquet’s node, and to the disease burden of 
inguinal lymph nodes [81]. It was found that pelvic 
CT was of limited use (sensitivity 37.5%, specificity 
100%), in contrast to the pathological characteristics 
of inguinal lymph nodes, which were significantly as- 
sociated with pelvic lymph node metastases [82]. 


Positron emission tomography 


PET is a diagnostic tool, which provides, by means 
of a radiotracer, morphologic evidence (visualization) 
of certain metabolic activity of tissue. The radiotracer 
is composed of a radionuclide and a transport sub- 
stance with special affinity for specific tissues, as a 
result of which the radiotracer is accumulated within 
the tissue of interest. The radioisotope (included in the 
radiotracer) reaches the tissues and releases positrons. 
Each positron crashes with an electron from the clos- 
est nucleus. The collision destroys both masses and 
produces two photons with an energy of 511KeV ac- 
cording to the equation E = mc’, which travel through 
the body in opposite directions at light speed. These 
photons are simultaneously received by two opposite 
photon detectors (photomultiplicator tubes), allowing 
the scanner to verify the line of positron destruction 
and the exact location of the radiotracer within the 
body (Figure 9.11). 


Qa 
= 
Cy 


Photomultiplicator 


Fig 9.11 Schematic representation of 
photon detection and the principle of 
anatomic body location. Photons 
produced by a collision are detected by 
two opposite photomultiplicator tubes 
allowing the location of the collision 
site. 


tube 
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The injection of a proper radiotracer dose into a 
given patient results in thousands of crashes per sec- 
ond, which can be detected by means of a ring of 
photomultiplicator tubes, for a mathematical and sta- 
tistical reconstruction of the image. As the photons 
travel through the body, some of them are absorbed 
by the tissues and some are scattered. This obvious 
loss of photons is not a precise illustration of in vivo 
radioactivity. The PET can compensate for this loss of 
photons by means of a proper attenuation correction 
of the tissue activity. 

PET has the ability to deliver simultaneous dy- 
namic tomographic pictures of a certain volume, due 
to the design and placement of several detector rings 
through the scanner. The employment of mathemati- 
cal techniques used for tissue perfusion estimation or 
metabolic ranges requires a fast acquisition structure, 
in such a way that the dynamic changes of the ra- 
dioactivity in the blood and tissue can be represented 
as a tissue radioactivity related to time curves. The 
combination with cross-sectional imaging allows PET 
to model and quantify the physiological biochemical 
process in vivo, since the radiotracer tissue concentra- 
tion can be transformed on an image. 

The analysis of the PET images can be carried 
out qualitatively and quantitatively using the semi- 
quantitative-uptake index (SUV), which is related to 
the activity of the radiotracer in a certain area, de- 
pending on the dose employed and the weight of the 
patient. The higher the metabolic activity is, the higher 
is the SUV. 

In recent years, the combination of morphological 
imaging (CT) and metabolic (PET) images has been 
achieved. This integration results in a very useful tool, 
referred to as PET-CT, which overcomes the limita- 


Fig 9.12 Diagram showing the 
principle of fusion imaging in 
PET-CT. The same device posses two 
systems that perform at the same time 
both studies, resulting in a more 
precise image. Image correction is 


tions of the constituent imaging techniques and al- 
lows a precise location of the lesion with a functional 
registry. This feature is important for correct pretreat- 
ment staging, including bone and lymph nodes, and 
for assessment of treatment response or biochemical 
progression, especially when as the functional changes 
can precede the anatomical ones. PET-CT can be visu- 
alized either as a CT or a PET scan, through a fusion 
spectrum with different weights for each technique 
providing volumetric data; it has the advantage of be- 
ing able to be presented in any plane (Figure 9.12). 


Radiotracers 


Radionuclides used in PET scanning are typically iso- 
topes with short half-lives, such as carbon-11 (~20 
minutes), nitrogen-13 (~10 minutes), oxygen-15 (~2 
minutes), and fluorine-18 (~110 minutes). They are 
incorporated either into compounds normally used by 
the body such as glucose (or glucose analogues), or 
into molecules that bind to receptors or other sites of 
drug action. Due to the short half-lives of most ra- 
dioisotopes, the radiotracers must be produced using 
a cyclotron and radiochemistry laboratory that are in 
close proximity to the PET imaging facility. 

An ideal radiotracer for oncological use is one that 
posses an intrinsic affinity for the tumor. The most 
widely used radiotracer in oncology is fluorodeoxyglu- 
cose (2-fluoro-2-deoxy-D-glucose [FDG]), a glucose 
analogue. The fluorine in the FDG molecule is cho- 
sen to be the positron-emitting radioactive isotope 
fluorine-18, to produce '8F-FDG. After FDG is in- 
jected into a patient, a PET scanner can form im- 
ages of its distribution around the body (FDG-PET). 
FDG-PET can be used for the diagnosis, staging, and 


PET 


performed by means of CT (X-rays) 
opposite to the PET, where they were 
performed by means of Germanio 
sources transmission mechanism. 
Exploration time is considerably 
reduced. 
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monitoring of treatment of various cancers, including 
among others thyroid cancer, breast, lymphoma, lung, 
head and neck, and colorectal. 

FDG is taken up by high-glucose-using cells such 
cancer cells, where phosphorylation prevents the glu- 
cose from being released intact. The 2-oxygen in glu- 
cose is needed for further glycolysis, so that FDG can- 
not be further metabolized in cells, and therefore the 
FDG-6-phosphate formed does not undergo glycoly- 
sis before radioactive decay. As a result, the distribu- 
tion of '8F-FDG is a good reflection of the distribu- 
tion of glucose uptake and phosphorylation by cells 
in the body. Before FDG decays, it is inhibited from 
metabolic degradation or use because of the fluorine 
at the 2’ position in the molecule. It is, therefore, accu- 
mulated and images can be taken [83]. However, after 
FDG decays radioactively, its fluorine is converted to 
180, and after picking up an Ht from the environ- 
ment, it becomes glucose-6-phosphate labeled with 
harmless nonradioactive “heavy oxygen” (oxygen-18) 
at the 2’ position, and is thereafter metabolized nor- 
mally in the same way as ordinary glucose. 

Unfortunately !ŠF-FDG is not the ideal radiotracer 
for use in urology due to its urinary elimination, which 
prevents the proper visualization of the bladder and 
surroundings. To minimize this limitation, the stud- 
ies are performed under bladder catheterization and 
the use of diuretics. The limitation of FDG urinary 
elimination led to other radiotracers that use differ- 
ent metabolic pathways and are not excreted in the 
urine. The radiotracers employed in uro-oncology are 
summarised in Table 9.6. 


Prostate cancer 


Since the introduction of PET for the investigation of 
prostate pathology by Inaba [84], who discovered an 
increased blood flow in malignant compared to benign 
hyperplastic prostate tissue, several studies have been 
performed to establish the exact role of this technique 
in the work-up of prostate cancer patients. 


Primary diagnosis and staging 

The information regarding lymph node status is of 
key importance for the appropriate treatment plan- 
ning in patients with newly diagnosed prostate cancer. 
Although the incidence of lymph node metastasis has 
significantly dropped in the PSA era; it may still range 
from 1% to 26% depending on the patient popula- 
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tion studied, the extent of lymph node dissection, and 
the quality of the histopathological analysis [85]. !8F- 
FDG PET has a limited role in the primary diagnosis 
or staging due to the fact that prostate cancer often 
lacks an increased glucose metabolism in contrast to 
many other tumors. 

During recent years, studies using !!C- or !8F- 
choline have shown promising results [83,86]. The 
results of a number of series have been summarised in 
Table 9.7 [87-94]. 

Studies on other radiotracers (1'C-acetate and !1C- 
methionine PET) are scarce. It has been reported that 
they are more sensitive than '8F-FDG in primary 
prostate cancer detection and the detection of regional 
lymph node or bone metastases [95]. 

In conclusion, ''C-choline, ''C-acetate, and 11C- 
methionine, seem to be superior to !8F-FDG for pri- 
mary staging due to better biodistribution pattern. 
Most of the studies have compared one of these ra- 
diotracers with !šF-FDG. Only one study compared 
11C-choline with ''C-acetate and found a similar per- 
formance. However, more studies are needed to deter- 
mine which of these tracers performs best [96]. 


Follow-up 

Until 1999, !šF-FDG has been the most commonly 
used radiotracer. However, It has been clearly demon- 
strated that its ability to detect lymph node involve- 
ment in organ-confined tumors is low and therefore it 
stopped being recommended in clinical practice. Lar- 
son et al [97] retrospectively evaluated the 'SF-FDG 
PET images performed between 1997 and 2003 at 
their institution and calculated the PSA level and PSA 
velocity cut-offs for best clinical performance to be 2.4 
ng/mL and 1.3 ng/mL/year. The use of these “best” 
cut-offs resulted in a sensitivity of 80% and 73%, 
respectively, and a specificity of 71% and 77%, re- 
spectively. Several studies have shown the diagnostic 
advantages of ''C-choline against !šF-FDG, in restag- 
ing patients after radical treatment and biochemical 
failure [98] (Figure 9.13). 

One of the most difficult clinical problems faced is 
assessing recurrence at the time of biochemical relapse 
after radical treatment, and whether to treat by means 
of local salvage surgery or ablation or systemic ther- 
apy. ''C-choline PET-CT has been evaluated for its 
utility in this process. Reske et al [99] assessed the 
value of !!C-choline PET-CT for detecting occult re- 
lapse after radical prostatectomy in 49 patients. In 
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Table 9.6 Most employed radiotracers in urology, their function and their application in urology oncology. 


Radiotracer Biologic analogue Function Measured effect Tumors 
18F_2-fluoro-2-deoxy- Glucose Glycolysis Aerobic and anaerobic Prostate (advanced), 
D-glucose glycolysis, Glucose Invasive Bladder, Testis 
(FDG) consumption (Seminoma), Kidney 
cancer 
11C-choline Choline Choline kinase Cellmembrane metabolism, Prostate and bladder 
tumor proliferation cancer 
18F-choline Choline Choline kinase Cellmembrane metabolism, Prostate cancer 
tumor proliferation 
11C-Acetate Acetate Fatty acid synthase Lipid synthesis Prostate cancer 
11C-Metionine Methionine a-a transport Protein synthesis Prostate cancer 
124[-cG250 NA Ab-Ca IX Ab-ag reaction Recognices Kidney cancer 
and joint to Ca IX 
1317-cG250 NA Ab-Ca IX Ab-ag reaction recognizs Kidney cancer 
and joint to Ca IX 
18F- NA Measure hipoxia Tumor hipoxia Kidney cancer 
Fluoromisonidazole 
(18F-FIMSO) 
1-Amino-3-18-F- a-a transport Prostate cancer 
Fluorocyclobutane-1- 
Carboxyl 
(FACBC) 
I8F (18-8-(18)F)- Testosterone Androgen receptor Measures androgen receptor Prostate cancer 
Fluoro-Sa- 
dihydrotestosterona 
(!8F-EDHT) 
18 NaF Fluor Bone mineralization Measures the bone status Metastatic prostate, 


bladder, and renal cancer 


patients with biochemical relapse (mean PSA 
2.0 ng/mL, range: 0.3-12.1 ng/mL) PET-CT showed 
true positive (with histological confirmation) lesions 
with increased !!C-choline uptake in the prostatic 
fossa in 70% of the cases. Similar results were 
achieved by [100] external radiotherapy, and inter- 
stitial brachytherapy. The same group of investigators 
studied the diagnostic value ''C-choline PET-CT for 
targeted salvage lymph node dissection in biochem- 
ical relapse after primary curative therapy [101]. A 
positive histology was reported in 8/15 patients, only 
one patient had PSA nadir <0.1 ng/mL after salvage 
surgery, three patients developed metastases during 
follow-up, and one had stable disease with a PSA of 
0.5 ng/mL. Krause et al [102] assessed the relationship 


between the detection rate of !!C-choline PET-CT and 
serum PSA level in biochemical failure. The detection 
rate was 36% for a PSA value of 1 ng/mL, 43% for 
a PSA value of 1 ng/mL to 2 ng/mL, 62% for a PSA 
value of 2 ng/mL to 3 ng/mL, and 73% for a PSA value 
of 3 ng/mL or more. 

According to Scattoni et al [103] !'C-choline 
PET-CT should be used as a diagnostic tool for the 
detection of lymph node metastases in recurrent 
prostate cancer. This group evaluated 25 patients 
who had a mean PSA of 1.98 ng/mL. Of four patients 
with a negative 'C-choline PET-CT and positive 
MRI, none had nodal metastases. Nineteen of the 
21 patients (90%) with positive ''C-choline PET-CT 
had nodal involvement. 
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Table 9.7 Summary of the PET studies on prostate cancer. 


Author and radiotracer Sensitivity Specificity 


Comments 


(a) Primary diagnosis and staging 


De Jong IJ 80% 96% 
11C-Choline 

Häcker A 10% 

18F-Choline 

Scher B 86.5% 61.9% 
11C-Choline 

Scher B 81.8% 100% 
11 C-Choline 

Testa C 55% 86% 
11C-Choline 

Husarik DB 33.3% 100% 
18F-Choline 

Rinnab L 36% 

11C-Choline 

Schiavina R 60% 97.6% 
11C-Choline 41.4% 99.8% 
Nunez R 72.1% 

11C- Methionine 48% (FDG) 

Giovanchi 72% 43% 


11C-Choline 


(b) Restaging, follow-up, and progression 


Larson SM 80% 71% 
18 F-FDG 73% 77% 
Picchio 
11C-Choline vs. 
18 F-FDG 
Jong IJ 38.4% 100% 
11 C-Choline 77.7% 100% 
Reske SN 63.8% 92.3% 
11C-Choline 
Rinnab L 91% 50% 
11C-Choline 
Rinnab L 34.7% 
11C-Choline 
Pelosi E 20% 
18F-Choline 40% 

88,8% 
Nunez Soft tissue 
11C-Methionine vs. 70% vs. 48% 
18F-FDG Bone 

70% vs. 34% 
Scattoni 64% 90% 


11C-Choline 
(c) Progressive metastatic disease 
Nunez 


11 C-Methionine vs. 
18F-FDG 72% vs. 48% 


Median PSA pre surgery 130 ng/mL 

Mean PSA 28.4, Compared with sentinel node (80% sensibility) 
For primary tumor detection 

For metastases spread detection 

Comparison between MRI, MR Spectroscopy, and PET/CT 


For detecting positive lymph nodes prior surgery. Mean PSA = 
11.58 ng/mL 


Local staging, data referring for detecting pT3-pT4 disease 
Detecting lymph nodes, and per lymph node analysis 


Compares 1! C Methionine with !8FDG with conventional imaging as standard 
reference 


Nagative correlation between uptake (SUVmax) and androgenic therapy 


For a PSA 2.4 ng/mL 

For a PSA velocity of 1.3 ng/mL/year 

Abnormal focal increases were noted in 47% of patients on !!C-Choline -PET 
and in 27% on !8F-FDG -PET. No positive PSA <5 ng/mL 


For surgery patients 
For external bean radiation 
PSA relapse after biochemical recurrence. Mean PSA positive studies 2.6 ng/mL 


For detecting recurrence after primary treatment, with surgery or radiation. 
Data for PSA<2.5 ng/mL 


For salvage lymphadenectomy after primary treatment 
PSA< 1 ng/mL 


PSA>1 ng/mL >5 ng/mL 
PSA< 5 ng/mL 


Detection of lymph node metastases of recurrent prostate cancer 


95% of metabolically active !'C-Methionine while only 65% metabolize 
18F-FDG 
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Fig 9.13 Comparison of !8F-FDG (a, b, c) with '!C-choline 
PET (d, e, f) in a patient with PCa and biochemical failure 
(PSA = 2.1 ng/mL) after external beam radiotherapy. No 
pathological uptake was seen on !8F-FDG PET. Metastatic 


18F-choline has also been used for studying recur- 
rence after primary curative treatment. Heinisch et al 
[104] evaluated the role of !*F-choline for restaging 
patients with biochemical failure after radical treat- 
ment. When the PSA cut-off point was set at 5 ng/mL, 
41% of the examinations were true positive. There- 
fore, !8F-choline PET-CT should not be restricted to 
patients with PSA >5 ng/mL. Moreover, Vess et al 
[105] assessed the value of !8F-choline and !!C-acetate 
PET-CT for residual or recurrent tumor after rad- 
ical prostatectomy in 20 consecutive patients with 
a mean PSA value of 0.33 ng/mL (range 0.08-0.76 
ng/mL). PET-CT detected residual or recurrent dis- 
ease in about half of the patients with PSA <1 ng/mL. 
Recently, Pelosi et al [106] reported that the detection 
rate in patients with biochemical failure after radi- 
cal prostatectomy was related to the PSA level, with 
a sensitivity of 20%, 44%, and 88.8% for PSA <1 


uptake was observed in the seminal vesicle as well as in 
both external iliac and right ilio-obturator lymph nodes on 
11C-choline PET. See also plate 9.13. 


ng/mL, 1 ng/mL< PSA <5 ng/mL, and PSA >5 ng/mL, 
respectively. 

Albercht et al [107] studied ''C-acetate PET in the 
diagnosis of prostate cancer recurrence after radio- 
therapy (17 patients, median PSA 6 ng/mL) or radical 
surgery (15 patients, median PSA 0.4 ng/mL). In all 
postradiotherapy patients (n = 6) in whom biopsies 
were obtained, histology confirmed the local recur- 
rence. In the postsurgical group, ''C-acetate PET was 
positive or equivocal for local recurrence in nine of 
15. 

Only a very limited number of reports are avail- 
able for the use of '!C-methionine. Nilsson and 
coworkers [108] reported ''C-methionine uptake 
in most of the lesions in patients with androgen- 
independent prostate cancer. In another study, Nunez 
and coworkers [95] compared the diagnostic yield of 
11C-methionine and !8F-FDG in patients with a rising 
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PSA. They reported that ''C-methionine not only de- 
tected more lesions than!8F-FDG, but also the inten- 
sity of methionine uptake in these lesions was signif- 
icantly higher than !šF-FDG. The sensitivity of 11 C- 
methionine for the detection of soft-tissue and bone 
metastases was equal (70%), while !8F-FDG showed 
a sensitivity of 48% and 34%, respectively. 

Recently, antil-amino-3-18 F-fluorocyclobutane- 
carboxylic acid (anti-1šF-FACBC) has shown promis- 
ing results [109]. Fifteen patients with a recent diagno- 
sis of prostate cancer (7 = 9) or suspected recurrence 
(n = 6) and a mean PSA of 15 ng/mL were included 
in this study. Anti-'SF-FACBC PET-CT images were 
compared with clinical details, conventional images, 
and pathological follow-up. In the newly diagnosed 
prostate cancer, !ŠF-FACBC correctly identified ma- 
lignancy in 40/48 prostate sextants. Pelvic node metas- 
tases were identified in seven out of nine patients and 
were undetermined in two out of nine. In all four 
patients who had proven recurrence anti-!*F-FACBC 
identified malignancy. 


Progressive metastatic disease The correct staging of 
metastatic prostate cancer is of high value in order 
to monitor treatment response and disease progres- 
sion (Figure 9.14). Conventional imaging techniques 
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(namely scintigraphy, CT, or MRI), are usually used 
in this respect. Nunez et al [95] compared !8F-FDG, 
11C-methionine PET, and conventional imaging tech- 
niques. The respective sensitivities were 48%, 72%, 
and 100%. 

In this group of patients, it is important if a test is go- 
ing to change disease management. Tuncel et al [110] 
demonstrated that !'C-choline PET-CT is a very useful 
tool whether for staging and restaging patients with 
advanced prostate cancer and changed disease man- 
agement in 24% of the patients. In order to evaluate 
the best modality for detection of bone metastases, 
Beheshti et al [111] performed a study comparing 
18F-choline and !8F-fluoride PET-CT. It was con- 
cluded that 'F-choline PET-CT may be superior 
for early detection (bone marrow involvement) of 
metastatic disease, while !8F-fluoride PET-CT seemed 
to be superior in the diagnosis of sclerotic lesions. 

18F-FDG has little accuracy for diagnosing or 
staging prostate cancer. However, increased lipid 
metabolism and biosysnthesis of cell membranes, 
and their association with increased uptake of !'C- 
acetate or ''C-choline radiotracers seems to demon- 
strate promise. ''C-choline, !šF-choline have been 
successfully applied for staging primary and recur- 
rent disease. '*F-fluoride seems to have encouraging 


Fig 9.14 '8F-FDG PET in an 
advanced PCa patient. (a) evidence of 
retroperitoneal metastases (arrows), 
(b) Metastases have disappeared after 
radiotherapy. 
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results in evaluation of bone disease. Other radiotrac- 
ers, such as '!'C-metionine, anti-!"F-FACBC, and !8F- 
dihydrotestosterone await further testing (Table 9.7). 


Kidney cancer 


Initial diagnosis and staging 

The detection of RCC with PET is often hampered be- 
cause most radiotracers are excreted through the kid- 
neys. !8F-FDG PET has not been useful in the primary 
diagnosis of RCC, but is more effective for the detec- 
tion of distant metastases. The role of !8F-FDG PET 
in metastatic RCC might be even more important as it 
might change the therapeutic decision. Dilhuydy et al 
[112] showed that a positive, !8FDG PET may modify 
the decision made in up to 20% of the patients, while a 
negative result should not modify the decision-making 
especially for surgery. Another radiotracer that has 
been studied for RCC is ''C-acetate. Sherve et al [113] 
reported that RCC accumulates more ''C-acetate than 
normal kidney parenchyma, but this observation was 
not confirmed by Kotzerke et al [114] who reported 
the opposite. 

Preoperative identification of tumor type could have 
important implications for the choice of treatment for 
RCC. In this field several radiotracers have been stud- 
ied. Nitroimdizoles, which have emerged as a non- 
invasive technique to measure tumor hypoxia, have 
been studied in RCC since RCC is resistant to chemo- 
and radiotherapy, behaving as a hypoxic tumor. !8F- 
Fluoromisonidazole has been explored as a potential 
tool for staging RCC by Lawrentschuck et al [115] 
who showed that seven of eleven tumors showed mild 
uptake. The antibody cG250 reacts against carbonic 
anhydrase-IX, which is overexpressed in clear cell car- 
cinomas. The value of !*4I-cG250 in predicting this 
type of RCC has been recently investigated in a phase 
I trial [116]. Twenty six patients with renal masses 
scheduled for surgery underwent !24[-cG250 PET-CT. 
Fifteen of 16 clear cell carcinomas were identified 
accurately by the antibody PET. The sensitivity of 
1247 ¢G250 PET-CT was 94% and the specificity was 
100%. 

Radioimmunotherapy is based on the use of a ra- 
diotracer, which instead of y-photons, uses £ particles 
that destroy cellular DNA rather than providing im- 
ages. RCC has been targeted with '3'I-G250 [117]. 
Although only modest, the results were promising in 
predicting who might respond to treatment with frac- 


tionated radiolabeled G250. Nevertheless, it should 
be noted that the study was performed before the use 
of PET-CT and thus the location of the deposits was 
not ideal. 

18F.Fluorothymidine is a radiolabeled compound 
based on the nucleic acid thymidine. It has emerged 
as an important radiotracer that mirrors cellular pro- 
liferation in PET. Early studies in human tumors are 
promising. 


Follow-up 

18F-FDG PET has been more successful in monitoring 
RCC progression. Safei et al [118] used this modality 
for restaging advanced RCC. !8F-FDG PET correctly 
staged 32/36 patients (89%), and missed 4 (11%) giv- 
ing an overall 87% sensitivity and 100% specificity. 
The accuracy of PET for classifying lesions that were 
biopsied was also investigated. PET correctly classi- 
fied 21/25 lesions biopsied with 88% sensitivity and 
75% specificity. Ramdave et al [119], also showed the 
superiority of !šF-FDG PET over CT in the evalua- 
tion of suspected RCC recurrence (accuracy 100% vs. 
88%). 

A recent meta-analysis investigated the role of 
18FDG PET in RCC [120] and concluded that !šFDG 
PET is able to restage and diagnose metastatic lesions 
with a sensitivity of 87% (95% CI: 75-95%) and a 
specificity of 93% (95% CI: 86-97%) (Figure 9.15). 
The usefulness of PET in RCC remains unclear. In the 
local staging there is no evidence to support its use, 
but novel radiotracers are showing promising results 
regarding the identification of RCC prior to surgery. 
In monitoring and restaging advanced disease PET has 
already showed good results, which leads to a poten- 
tial role for this technique within the targeted therapy 
era. 


Testicular cancer 


PET remains a promising tool in testicular cancer be- 
cause the three major diagnostic problems, namely 
correct staging of patients classified as stage I, eval- 
uation of residual masses after chemotherapy, and 
evaluation of rising levels of tumor markers without 
evidence of clinical disease remain unsolved by con- 
ventional techniques. 

To date '8F-FDG is the only radiotracer used 
for imaging GCT. Several clinical studies have 
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Fig 9.15 Coronal (a, b, c) and axial images (d, e, f) of 
18F-FDG PET (a, d), CT (b, e), and fusion images (c, f) of 

a patient with a history of right radical nephrectomy due to 
RCC (one year postoperatively). PET-CT was performed 


investigated the clinical role of !šF-FDG PET in pri- 
mary tumor staging and in the monitoring of therapy 
either in seminomatous GCT or NSGCT. !8F-FDG 
PET has several major limitations. Inflammatory and 
granulomatous tissues also show extensive 18F-FDG 
uptake, lesions <1 cm can often be overlooked, and 
mature teratoma is indistinguishable from normal and 
necrotic tissue [121]. 


Nonseminomatous germ cell tumors 

There has been a lot of controversy regarding the use- 
fulness of this technique in the evaluation and staging 
of NSGCT until Huddart et al published their results 
[122]. They investigated whether the !8F-FDG could 
identify patients without occult metastatic disease for 
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due to the suspicion of recurrence. A hypermetabolic de- 
posit compatible with local recurrence is visualized (arrow) 
at the site of the previous operation. See also plate 9.15. 


whom surveillance is an attractive option. In this mul- 
ticenter study, 111 high-risk patients with NSGCT un- 
derwent '8F-FDG PET within 8 weeks after orchiec- 
tomy or marker normalization. Positive scans were 
excluded from the study while negative scans were 
observed in a surveillance program. Of the 88 PET- 
negative patients, one requested adjuvant chemother- 
apy, while 87 proceeded to surveillance. Within a 
median follow-up of 12 months, 33 of the 87 pa- 
tients on the surveillance relapsed. The trial was pre- 
maturely stopped in 2005 due to an unacceptably 
high-relapse rate in PET-negative patients. The au- 
thors concluded that although 1šF-FDG PET identi- 
fied some patients with disease not detected by CT, 
the relapse rate among PET-negative scans remains 
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high, and that !šF-FDG PET is not sufficiently sensi- 
tive to identify patients at low risk of relapse to guide 
management. 


Seminomatous germ cell tumors 

Several studies assessing the role of !šF-FDG PET in 
seminomatous GCT suggested that the technique has 
a place as a standard tool in evaluating residual tis- 
sue postchemotherapy for seminoma. De Santis et al 
[123] studied 56 patients with metastatic pure semi- 
noma who either had the histology of the resected 
lesion or the clinical outcome documented by CT, 
tumor markers, and/or physical examination during 
follow-up. The size of the residual lesions on CT, ei- 
ther >3 cm or <3 cm, was correlated with the pres- 
ence or absence of viable residual tumor. The speci- 
ficity, sensitivity, positive predictive value, and nega- 
tive predictive value of !šF-FDG PET was 100% (95% 
CI, 92-100%), 80% (95% CI, 44-95%), 100%, and 


96%, respectively, versus 74% (95% CI, 58-85%), 
70% (95% CI, 34-90%), 37%, and 92%, respec- 
tively, for CT discrimination of the residual tumor 
by size (>3 cm/<3 cm) These results confirm that !8F- 
FDG PET is the best predictor of viable residual tumor 
in post-chemotherapy seminoma residual tissue, and 
should be used as a standard tool for clinical deci- 
sion making in this patient group. The above results 
were reproduced by Becherer et al [124] corroborat- 
ing that !8F-FDG PET contributes to the management 
of residual seminoma lesions, especially in terms of 
avoiding unnecessary additional surgery for patients 
with lesions >3 cm. (Figure 9.16) 

PET seems to be one of the most promising tools 
in the work-up of patients with testicular tumors. 
However, the results of Huddart et al [122] showed 
that PET results are poor and should not be con- 
sidered in identifying low-risk patients that may be 
suitable for surveillance strategies. However, the only 


Fig 9.16 !8F-FDG PET ina patient with seminoma. A suspicious lesion was initially observed in the CT scan. The PET was 
performed to visualize the activity of the lesion confirming the presence of an active tumor. 
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established role for PET in uro-oncology is the moni- 
toring of seminomas. 


Bladder cancer 


Invasive bladder cancer confined to the pelvis is treated 
by means of radical cystectomy and pelvic lymph node 
resection. Preoperative accurate staging is needed to 
identify patients at high risk for extraperitoneal spread 
in whom a combined treatment may be offered. CT 
and MRI are widely used for preoperative staging. 
However, these imaging modalities have limitations. 
Bladder cancer metastases frequently replace normal 
nodes, causing little if any enlargement and false- 
negative rates are therefore significant. Thus, there is 


Fig 9.17 Images of a patient with an 
invasive bladder cancer and a suspicious 
iliac lymph node on the preoperative 
CT scan. !8F-FDG PET ensured the 
diagnosis (a: coronal view, b: axial 
view), which was confirmed in the 
pathology specimen after the radical 
cystectomy and an extended lymph 
node resection. 


a need for a noninvasive imaging modality that has 
greater accuracy for bladder cancer staging. 


Local disease and staging 

The role of !8F-FDG PET for the detection of local- 
ized disease is limited due to the urinary excretion 
of '8F-FDG. On the other hand, !šF-FDG PET may 
have a role in identifying locoregional lymph node 
and other distant metastases (Figures 9.17 and 9.18). 
Drieskens et al [125] evaluated the preoperative use 
of '8F-FDG PET for detecting lymph node and distant 
metastasis in 55 patients with bladder cancer. For the 
diagnosis of metastatic disease the sensitivity, speci- 
ficity and accuracy of '8F-FDG PET was 60%, 88%, 
and 78%, respectively. Liu et al [126] investigated the 


. Fig 9.18 Preoperative PET scan of a 
patient with a suspicious lesion on the 
chest CT, compatible with metastasis. 
The result was confirmed on biopsy. (a) 
the metastasis is clearly visible in the 
chest (axial view), (b) coronal view of 


(a) (b) 
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the tumor at the level of the bladder on 
the left side. 
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value of !SF-FDG PET for detecting metastatic disease 
in 46 patients. The investigators reported 76.9% sen- 
sitivity in 36 patients who received no prior systematic 
chemotherapy. However, in 10 who were imaged after 
receiving chemotherapy, sensitivity decreased to 50%. 
The group recommended that !8F-FDG PET should be 
interpreted with caution in patients who have received 
prior chemotherapy. 

Trying to avoid the urinary elimination of !8F-FDG, 
in order to improve PET results, some authors have 
tried with different radiotracers. Ahlstrom et al [127] 
reported '!C-methionine to be superior to 'SF-FDG, 
however the sensitivity was only 78%. de Jong et al 
[128] used !'C-choline PET in 18 patients to evalu- 
ate bladder cancer. Normal bladder wall tracer up- 
take was low and in 10 patient’s tumor was detected 
correctly by ''C-choline PET. Gofrit et al [129] eval- 
uated 1! C-choline PET for preoperative staging in 18 
patients. They noted that !'C-choline PET was highly 
positive for primary and metastatic bladder cancer, 
and in all primary transitional cell carcinomas !1C- 
choline uptake was found. Picchio et al [130] reported 
that !'C-choline PET was comparable to CT for de- 
tecting residual cancer after transurethral bladder can- 
cer resection but it appeared to be superior for detect- 
ing lymph node metastasis. 


Future directions 


The introduction of MRI and PET scan in urological 
oncology has challenged the position of CT. However, 
with progress in CT technology and the application 
of 3D rendering, this imaging modality has reinforced 
its position. The current role of CT in the diagnosis 
and staging of urological cancers is summarized in 
Table 9.5. 

In the future, further technological advances are 
expected. Multiplanar reformatted and 3D volume- 
rendered presentations of the obtained images will of- 
fer better visualization of the relationships of struc- 
tures and in combination with CT angiography will 
provide all the critical information for accurate stag- 
ing. This has the potential to improve surgical plan- 
ning (i.e., in the setting of a nephron-sparing proce- 
dure), and eventually to simulate each procedure pre- 
operatively on an individual basis. 

Virtual cystoscopy, obtained by manipulating CTU 
data acquired through the contrast-filled bladder dur- 


ing the excretory phase has been introduced with 
promising results for detecting bladder mucosal le- 
sions. Further research on virtual cystoscopy and vir- 
tual navigation in the upper urinary tract is awaited. 

The advantage of PET stems from its ability to track 
radio-labeled biomarkers with a detection sensitiv- 
ity below the picomolar range for functional imag- 
ing, whereas MRI and CT provide high-resolution 
anatomic information. Thus, the combination of two 
or more imaging modalities in order to get comple- 
mentary information, such as morphology and func- 
tion, is a worthwhile goal. 

Although the combination of PET and CT has al- 
ready been achieved in clinical and preclinical scan- 
ners, PET-CT has many limitations. Its major draw- 
back is that the imaging is performed sequentially 
rather than simultaneously. In preclinical studies, this 
adds considerable time for studying the subjects and 
eliminates any temporal correlation between the two 
modalities, such as CT perfusion measurements and 
PET tracer kinetics. Furthermore, CT has limited soft- 
tissue contrast. Hence, a preferred choice would be 
the PET-MRI combination, not only because of the 
absence of ionizing radiation but also for its excel- 
lent soft-tissue contrast, its flexible scan protocols and 
its capability to perform functional MRI parameters. 
The simultaneous acquisition of different functional 
parameters using PET and functional MRI in addi- 
tion to high-resolution anatomic information, creates 
enormous possibilities and provides new opportuni- 
ties to study pathology and biochemical processes 
in vivo [131] (Figure 9.19). PET-MRI provides a 


Fig 9.19 Schematic representation of PET-MRI fusion, one 
of its major advantages is that both the functional image 
(PET) and the morphological image (MRI) are taken simul- 
taneously rather than sequentially (like in the PET-CT). 
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powerful tool for studying biology and pathology in 
preclinical research and has great potential for clinical 
applications. 


Conclusions 


18F-FDG PET is useful for identifying distant metas- 
tases due to increased '8F-FDG uptake by the lesions 
but not by the primary tumor because of urinary ex- 
cretion of '8F-FDG, which interferes with local stag- 
ing. ''C-choline and !!C-methionine may prove to be 
more effective than !8F-FDG, but this remains unclear 
and further studies are needed to elucidate this issue 
in the future. 
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Introduction 


The International Working Group on Image-guided 
Tumor Ablation have recommended standardization 
of terminology and reporting criteria [1] to allow com- 
parison between centers using different interventional 
techniques. The term “ablation zone” has been coined 
to describe the zone of induced treatment effect (i.e., 
the area of gross tumor destruction visualised at imag- 
ing). This should be used in place of the term “lesion,” 
which could either refer to the “ablation zone” or the 
underlying tumor. The zone of cell-death at patholog- 
ical examination is referred to as “coagulation” or 
“coagulation necrosis.” These terms are recom- 
mended so as to avoid the term “necrosis” or “co- 
agulative necrosis,” both of which have well-defined 
histological features, which may be found in tumors 
that have not been ablated. 

The precise distinction between imaging appear- 
ances and histological appearances is stressed because 
although in many cases there is good overlap between 
radiological and pathological findings, this is not al- 
ways the case [2]. Postprocedure imaging can only 
ever be an approximate guide to the success of abla- 
tive therapy with accuracy currently limited by con- 
trast and spatial resolution to approximately 2-3 mm 
depending upon the modality. Thus, microscopic foci 
of residual or recurrent disease may not be identified. 

The timing of imaging is important. In the acute 
postablation period the zone of ablation may lack the 


classic, well-defined histological appearance of coag- 
ulation necrosis surrounded by a thin rim of granula- 
tion tissue. Thus, in the acute setting neither contrast- 
enhanced CT nor ultrasound may be reliable in 
determining the true ablation zone. 

The term “ablation margin” is directly analogous to 
the “surgical margin” in open or laparoscopic onco- 
logical surgery. Methods to create an “ablation mar- 
gin” of 0.5-1.0 cm around a tumor have been pro- 
posed, but this may not be ideal when dealing with 
renal tumors in patients with little renal reserve or 
who have a high risk of forming more tumors (such as 
von Hippel Lindau disease), or in the prostate where 
the neurovascular bundles are closely associated with 
the capsule. 

For vascular organs the “ablation zone” is generally 
of low attenuation on CT, mixed signal on MRI, and 
has absent perfusion on contrast-enhanced imaging. 
Increased attenuation occurs in low-density tissues, 
such as fat or lung parenchyma, where “groundglass” 
shadowing is used to describe the periablation zone. 
It is recognized that in some organ sites, specifically 
the kidney, apparent minimal contrast enhancement 
(<20 Hounsfield units [HU] for CT) may be seen after 
ablation in tissue, which at pathological analysis is 
shown to be completely necrotic. 

“Benign periablation enhancement” is a transient 
finding that may last up to six months post treat- 
ment. It usually manifests as a smooth uniform rim 
of peripheral enhancement up to 5 mm in early scans, 
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Table 10.1 Categorization of renal tumors by size in 
ablation reporting, from Goldberg et al [2]. 


Size (short axis diameter) Category 

3 cm or less Small 

3-5 cm Intermediate 
More than 5 cm Large 


which occurs on the arterial phase and which may 
persist on delayed phase imaging. This represents the 
benign physiological process of hyperemia and sub- 
sequent granulation and healing around the ablation 
zone. This is in contrast to “irregular peripheral en- 
hancement,” which is the result of residual tumor at 
the treatment margin, often best appreciated on de- 
layed phase imaging. 

Involution of the ablation zone occurs over time, 
and is the favored term over either “shrinkage” or 
“regression.” Lack of involution does not imply treat- 
ment failure. In the reporting of tumor and ablation 
sizes, the term “index tumor” is preferred for the tu- 
mor target. For both the index tumor and the resulting 
zone of ablation reporting the size along all three axes 
is recommended, with the short-axis diameter given 
as a minimum. For renal tumors, size categorization 
may be used as in Table 10.1. 


Defining success on imaging 


It is important that different investigators use the 
same language to describe outcomes; therefore the 
above terms have been coined to describe different 
endpoints. “Technical success” is the term used to 
describe whether in any given session the tumor was 
treated according to protocol and covered completely. 
This is often based on real-time imaging during, or im- 
mediately after, the treatment process and is important 
for defining the population in whom treatment has 
been technically possible. 

“Technique effectiveness” is the complete absence 
of macroscopic tumor (by a defined imaging modal- 
ity) at a given time point. It is reasonable to assume 
therefore that it may require several “technically suc- 
cessful” treatment sessions over a given period of time 
before an assessment of “technique effectiveness” can 
be made. 
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Renal cancer 
Imaging after radiofrequency ablation 


As discussed in Chapter 5, placement of radiofre- 
quency probes may be performed under ultrasound, 
CT, or MR guidance. However, none of these modal- 
ities permit accurate, real-time monitoring of the ab- 
lation zone. MR-temperature mapping holds the po- 
tential for this, but the technology is not commercially 
available and hyper-acute imaging may not necessar- 
ily be accurate in assessing the response to ablation 
since the RF-ablative effect can develop over a pe- 
riod of weeks. Contrast-enhanced computed tomog- 
raphy (CE-CT) has been shown to correlate well with 
the histological zone of ablation, with the ablated tu- 
mor showing a complete absence of contrast enhance- 
ment [3]. However, in the acute setting circumferen- 
tial “benign periablation enhancement” described in 
the preceding paragraphs may be observed, lasting 
up to two weeks. Thus, authors have recommended 
waiting up to a week until the first, postablation 
imaging [4]. 

At our institution we perform an initial CT one 
week post treatment to assess technical success, with 
subsequent CT assessment at 6 monthly intervals. 
This involves unenhanced and arterial phase imaging 
through the tumor followed by images of the chest, 
abdomen, and pelvis in the portal venous phase af- 
ter the administration of 100-mL iodinated contrast 
media (300 mg/mL) at a rate of 4 mL/s. 

The time taken for the zones of ablation to involute 
varies widely 6 months to three months. Over time, as 
the treated region involutes, fat may interpose between 
the zone of ablation and the adjacent normal renal 
tissue (Figure 10.1). 

Although it is possible that completely ablated tissue 
may appear to enhance by up to 20HU on CT, largely 
due to the phenomenon of pseudoenhancement, any 
enhancement more than 10HU in the ablation zone 
is considered suspicious. As RF energy is deposited in 
a spherical manner, residual tumor is usually seen as 
an enhancing, nonuniform crescent at the periphery 
of the ablation zone (‘irregular peripheral enhance- 
ment’). Late arterial-phase imaging may be useful to 
maximize the avid differential enhancement of vascu- 
lar tumors. 

Hematoma is a well-known complication of needle- 
ablative therapy, so that noncontrast CT is useful 
in the post-treatment setting to differentiate high 
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Fig 10.1 Axial CTs 35s after iv contrast showing (a) two 
tumors in the left kidney before treatment (arrows), (b) the 
appearance of nonenhancing, ablated tissue at 1 month 


attenuation degraded blood products from tumor en- 
hancement. A postablation “halo” is also well de- 
scribed as a non-enhancing fibrotic ring lying paral- 
lel to the zone of ablation, which may represent the 
demarcation of the inflammatory reaction with the 
surrounding fat (Figure 10.2). Segmental arterial 
thrombosis may occur either within or adjacent to the 
treatment zone resulting in a cortical wedge-shaped 
infarction (Figure 10.3). 

Post-treatment imaging is also useful for monitoring 
complications of treatment. The full range of com- 
plications encountered during any nephron-sparing 
surgery may be observed such as pelvicalyceal injury 
resulting in perforation or stricture, pneumothorax, 


after RFA, and (c) shows the appearance at 5 months: fat 
interposition is seen (arrow) between viable kidney and 
ablated renal tumor. (Courtesy of Dr Alice Gillams.) 


perirenal collection, or metastasis within the surgical 
track. 

There remains limited experience in the follow-up 
of ablated lesions with magnetic resonance imaging 
(MRI), although most findings seen on CT are repli- 
cated [5]. There is predominantly high signal on T1 
and low signal on T2-weighted imaging of the ab- 
lation zone, with absent enhancement post gadolin- 
ium. Again any residual, asymmetric enhancement is 
considered to indicate either incomplete ablation or 
tumor recurrence, not to be confused with a thin 
rim of “benign periablation enhancement” that may 
also be seen on the postcontrast T1-weighted im- 
ages. The peritumor “halo” is low signal on both 
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Fig 10.2 (a): Coronal contrast-enhanced CT through a re- 
nal tumor six months post RFA demonstrating typical post 
RFA “halo” artifact (arrow) (courtesy of Dr David Breen), 
(b) is a postcontrast gradient echo image in a different pa- 


T1 and T1-weighted images, consistent with a fibrotic 
band. 

The appearances of the ablation zone on ultrasound 
are nonspecific and difficult to interpret. Contrast- 


(b) 


tient 5 months after RFA , showing a halo (arrows) and 
persisting but nonenhancing soft tissue in the position of the 
tumor (arrowhead) (Courtesy of Dr Alice Gillams.) 


enhanced ultrasound holds some promise in the im- 
mediate postablation setting, but remains experi- 
mental. 


Fig 10.3 Axial contrast enhanced CT scans (a) before RFA and (b) two weeks after RFA showing subjacent “wedge” cortical 
infarct confirming complete treatment (arrows) (Courtesy of Dr David Breen.) 
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Fig 10.4 Contrast-enhanced CT scan of 55 mm inter- 
polar renal cell carcinoma. Axial image (a) before RFA 
(the arrow shows the tumor), (b) is an unenhanced axial 
image, and (c) a coronal reconstruction during 6 probe 


Imaging after cryotherapy 


Renal lesions treated with cryotherapy have a similar 
imaging natural history to those treated with RFA. 
Lack of contrast enhancement on both CT and MR 
imaging corresponds with ablation [6] (Figure 10.4). 
Benign periablation enhancement is not uncommon 
and is noted more frequently in those studies using 
MRI follow-up [7] than CT [8]. In the former, the 
enhancement has been noted to last up to 14 months 
from the time of treatment. The zones of ablation also 
show varying degrees of involution over time: between 


cryotherapy demonstrating ice-ball formation (arrow). 
A contras-enhanced axial image (d) four weeks after 
cryotherapy shows lack of contrast uptake in the treated 
region (Courtesy of Dr David Breen.) 


19% and 94% reduction in size at 12 months have 
been reported [9]. Calcification has also been identi- 
fied in some of the ablation zones both on CT and 
histologically [8]. 


Imaging after extracorporeal high-intensity 
focused ultrasound 


Thus far there are only limited data regarding the 
imaging appearances following renal HIFU. One 
group used color Doppler ultrasound to assess target 
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(c) 


Fig 10.5 Axial T1 postcontrast subtraction images of a 
right renal tumor (a) before HIFU (arrow), (b) 12 days after 
HIFU, demonstrating lack of contrast uptake (c) 6 months 


lesion size before and after HIFU, noting a mean 
reduction in size of 58% at 1 year [10]. Unen- 
hanced MRI changes are inconsistent, with mixed sig- 
nal changes on both T1 and T2-weighted imaging. 
Contrast-enhanced MRI provides evidence of no per- 
sistent perfusion within the ablation zones [11] up to 
one year post treatment, which has been shown to 
correlate with complete tissue destruction on histo- 
logical examination. Similarities with RFA are noted, 
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(d) 


after HIFU, and (d) 1 year after HIFU, with a persistent 
fibrotic "halo” (arrow) (Courtesy of Dr David Breen.) 


with the formation of a “fibrotic halo” around some 
treated lesions (Figure 10.5). 

It is likely that all of the ablative modalities will to 
some extent demonstrate similar post-treatment imag- 
ing findings. However, there are some anecdotal re- 
ports that early post-treatment imaging differs subtly 
between RFA and cryotherapy. RFA leads to instan- 
taneous coagulation necrosis, thus early loss of con- 
trast uptake would be expected; on the other hand, 
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there is preservation of the cellular architecture fol- 
lowing cryotherapy with a more delayed vascular in- 
sult resulting from sloughing of the endothelium. As 
a result, early peripheral contrast uptake following 
cryotherapy may not indicate treatment failure, and 
more delayed imaging is required before the treatment 
is considered to have been unsuccessful. 


Prostate cancer 


All ablation is a compromise between the achievement 
of complete coagulative necrosis and damage to sur- 
rounding structures. Although cryotherapy and HIFU 
have the advantage that the composition of the treated 
tissue has only a small effect on the response to heat- 
ing or cooling, there is some evidence that vascular- 
ity can affect completeness of treatment with HIFU; 
and certainly large vessels have heat-sink effects with 
cryotherapy, in particular at the margin. In addition, 
the operator often has some control over the parame- 
ters of the ablative technique [12]. 

At the time of the procedure, the operator is try- 
ing to achieve complete coagulative necrosis, and to 
determine how successful he/she has been, feedback 
about the location and completeness of ablation is im- 
portant. Such feedback becomes even more important 
in the era of focal therapy [13]. Focal ablation is by 
necessity image-directed, and although the primary 
way of mapping the disease has been transperineal 
template biopsy [14], it is likely that MRI will play 
an increasing role in defining the tumor and planning 
the treatment [15]. In the longer term, the emphasis 
shifts from the need to define the treated volume to 
the need to detect residual disease, and, particularly in 
focal therapy, to detect new, significant cancers in the 
remaining prostate. 


Techniques for real- or near-time feedback 


The difficulty of assessing perfusion in real time over 
a treatment lasting several hours means that real-time 
feedback for the time being has been achieved by 
the measurement of parameters that predict complete 
necrosis — in particular the temperature of the treated 
tissue, and, with less sensitivity, the presence of flow- 
ing blood on doppler ultrasound. These real time tech- 
niques will be examined in detail before discussing the 
use of intravenous contrast enhancement. 


Monitoring heat on MRI 


HIFU produces coagulative necrosis in small, well- 
defined volumes, by rapid heating. In contrast, ra- 
diofrequency, laser, and microwave techniques pro- 
duce larger volumes of heating for a longer time. This 
makes HIFU a particularly exacting test of imaging 
techniques for measuring tissue temperature: not only 
is the peak temperature short-lived (of the order of 
a second), but the treated volume is built up from a 
series of small ablations little larger than a grain of 
rice, making demands on both temporal and spatial 
resolution, two imaging parameters that are as a rule 
traded off against each other. 

There are several parameters on MRI that vary 
with temperature, including spin-lattice relaxation 
time (T1), proton resonance frequency (spectroscopy), 
and diffusion. With these techniques spatial resolution 
of 0.5-1 mm can be achieved, with a temperature res- 
olution of 2°C, and scan times of the order of a second, 
although there is an inevitable trade off between all of 
these parameters. One commercial system that makes 
use of real-time proton diffusion-based thermometry 
in a closed loop to modulate the intensity of HIFU 
energy delivery is available; and has shown promise 
in the treatment of fibroids, with similar systems un- 
der development for the prostate [16]. Considerable 
problems remain with motion artifact (including that 
produced by ultrasound, and in particular cavitation) 
and absolute temperature measurement (important in 
HIFU systems where there is reectal cooling). There- 
fore, we are not yet at the stage where the short, in- 
tense bursts of heating currently used with HIFU can 
be accurately monitored. However, techniques such 
as RFA or microwave ablation, where a more pro- 
longed change in temperature is produced, are easier 
to measure and monitor [17]. 


Monitoring cold on MRI 


Although the ice ball produced by cryotherapy is vis- 
ible on both ultrasound, MRI, and CT; it has been 
known for some time that freezing does not equate to 
kill, and that the zone of certain necrosis lies around 
3 mm inside the edge of the ice ball, although the exact 
zone depends on nadir temperature, rate of freezing, 
and rate of thawing. Thermometry of frozen tissue 
is possible in the prostate using R2* weighted imag- 
ing and has been demonstrated in dogs, although the 
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resolution is of the order of several millimeters [18]. 
It is considerably easier to image the ice ball on con- 
ventional T2-weighted MRI sequences, where it ap- 
pears as a volume of relative signal dropout, and at 
the moment this has a much higher resolution than 
thermometry. 

Ultrasound can be used for real-time monitoring 
of ablation in several ways. First, and most impor- 
tantly, it can be used to monitor the treatment zone: 
in cryotherapy by imaging the edge of the ice ball, in 
HIFU by observing grayscale changes due to cavita- 
tion and boiling [19], and, less successfully, in RFA 
or microwave treatment by observing microbubbles 
at the edge of the treated zone. The second potential 
use is in the real-time monitoring of tissue vascularity, 
which is feasible in the gaps between HIFU ablations, 
although is probably not of sufficient resolution to 
confirm necrosis. The third is measurement of elastic 
properties, which show promise in vitro, but again 
have not yet been shown to have sufficient resolution 
to monitor necrosis. 


Near-time monitoring: assessment of necrosis 


Although changes with perfusion have been studied 
extensively, necrotic tissue also changes in elasticity 
and shows altered proton diffusion. Both MRI and 
ultrasound can be used to measure tissue elasticity and 
delineate the hardening effect of heating, but there is 
currently no evidence that they can delineate areas of 
necrosis in a clinically useful way. Similarly, consistent 
changes have been shown in the diffusion properties 
of the prostate both after cryoablation and HIFU, with 
the results of each ablation very similar, but the spatial 
resolution of this technique limits its utility. 

There is little doubt that the best techniques for as- 
sessing necrosis in the prostate rely on the delineation 
of a perfusion defect. CT, MRI, and ultrasound can 
be used to delineate the lack of perfusion that is a fun- 
damental property of necrotic tissue, and is the final 
common outcome with all ablative techniques. 

CT has often been used to delineate necrosis in re- 
nal and liver tumors for several reasons. First, the con- 
trast between the normal surrounding tissue and the 
necrotic treated zone is sufficiently high to delineate 
the necrosis. Second, imaging can be performed in a 
breath hold. In the prostate, contrast enhancement 
with CT has been disappointing for the detection of 
tumors, and the same holds for delineating necrosis. 
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For this reason, MRI is clearly superior for the prostate 
and is not significantly affected by respiratory motion. 


Ultrasound to delineate necrosis 


Ultrasound is alone among the three modalities in that 
it can image blood flow using the doppler shift with- 
out the need for contrast. However, to accurately de- 
lineate perfusion, it is probably necessary to increase 
the sensitivity and contrast resolution of the technique 
by using microbubble- contrast agents. This has been 
done with some success after HIFU in the prostate, 
with a high correlation between ultrasound-estimated 
necrosis and pathological hemorrhagic necrosis [20]. 
Recent work with histological correlation in pigs has 
shown that in necrosis induced by radiofrequency ab- 
lation of the liver, contrast-enhanced ultrasound is of 
comparable accuracy to CT and MRI in delineating 
the zone of necrosis [21], but there is no work directly 
comparing ultrasound and MRI in the prostate. Even 
if ultrasound and MRI are of similar sensitivity for 
perfusion, comparison with the position of tumor on 
old scans (a vital part of the assessment of treatment) is 
in our experience far easier with the consistent planar 
images produced by MRI. 


MRI to delineate necrosis: imaging protocol 


Although there are changes on T1 and T2-weighted se- 
quences after prostate ablation, they have never been 
shown to accurately delineate coagulative necrosis 
without enhancement. Conversely, contrast-enhanced 
MRI, with gadolinium-based agents, is a sensitive 
method for demonstrating prostate perfusion, and has 
been examined in several studies with histological cor- 
relation. Before discussing this correlation in detail, 
we will describe our imaging protocol and the MR 
appearances soon after ablation. 

We are strong advocates of the routine use of 
prostate MRI soon after ablation to provide feed- 
back to the operator for quality control of ablative 
dosimetry. For this to be acceptable to the patient, 
both in terms of cost and inconvenience, the scanning 
protocol should be restricted to the essential se- 
quences: there is little point in looking for residual tu- 
mor or subtle changes in diffusion or spectroscopy at 
this stage because there is much more marked abnor- 
mality from the hemorrhagic necrosis. We have found 
a pelvic phased-array coil adequate, and although 
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Table 10.2 MRI sequences used for prostate imaging. 


Slice 
Flip angle/ thickness Field of 
TR TE degrees Plane (gap) Matrix size view /mm Time for scan 
1. T2 TSE 7500 92 180 axial 3 mm 230 x 256 180 x 180 6 min 24 s 
2. T1 TSE 749 13 150 axial 3 mm 230 x 256 180 x 180 7 min14 s 
3. T1 TSE (post 461 19 60 axial +/— 3 mm 192 x 256 200 x 200 6min6s 
contrast, fat sagittal, 
suppressed) coronal 
4. T1 VIBE 5.31 2:5 15 axial 3 mm 159 x 256 260 x 260 7 min (26 
acquisitions, 
16s each) 
5. Diffusion 2200 98 axial 5mm 172 x 100 260 x 260 5 min 44s (16 
averages) 
b values: 0, 
150, 500, 
1000 


We always perform sequence 1. Either sequence 4 or sequences 2 and 3 will adequately delineate necrosis. Contrast used is 
20 mL gadoteric acid (Dotarem®; Guerbet, Villepinte, France), given intravenously at 3 mL/s. Sequences 4 and 5 are used 


for scans at 6 months or later to detect residual tumor. 
FLASH, Fast low-angle shot; TSE, turbo spin echo. 


perineal discomfort is mild after most ablations, the 
endorectal coil is never a pleasant experience for the 
patient. 

There are three essential sequences in the imaging 
protocol (Table 10.2). Firstly, a high-resolution T2- 
weighted axial sequence is essential for delineating 
the margins of the prostate. After this there are two 
options for assessing enhancement: either a gradient- 
echo dynamic acquisition, or pre- and postcontrast 
spin echo T1-weighted sequences. 

Although one group has suggested (in a study of 
the thigh muscle of rabbits) that calculated param- 
eters, such as KS and extracellular volume frac- 
tion may delineate subtle areas of necrosis not well 
seen with simple visual inspection [22], the time res- 
olution necessary for the calculation will result in a 
trade-off in spatial resolution and at the moment is 
of uncertain clinical benefit. Gradient and spin echo 
sequences give very similar results, although the spa- 
tial resolution with the latter may be a little better. 
However they are derived, the axial postcontrast se- 
quences can if necessary be followed by sequences in 
the sagittal (and less usefully) coronal planes to bet- 


ter delineate extraprostatic necrosis and the external 
sphincter. 

The optimal timing for the post-treatment MRI has 
not yet been determined, but is likely to be less than 
5 days after treatment: the volume of nonenhancing 
tissue can decline by around 50% in the first month 
as involution of necrotic tissue takes place. In our ex- 
perience, the appearances are increasingly difficult to 
interpret after 3—4 weeks. 


MRI to delineate necrosis: early appearances 


HIFU: On all sequences the prostate swells during and 
soon after treatment, by up to 60% (78), and after a 
focal treatment this is seen as a localized expansion of 
the treated zone. The T2-weighted changes after abla- 
tion are frequently confusing. Zonal anatomy is often 
lost in whole-gland treatments and the T2 signal may 
be reduced, but not in a predictable way that allows 
accurate delineation of necrosis [12]. T1-weighted se- 
quences show variable high-signal hemorrhage. 

After a successful ablation with HIFU there is usu- 
ally a confluent volume of nonenhancing material 
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surrounded by an enhancing rim measuring 2 to 8 
mm in diameter [12]. Extraprostatic necrosis is well 
shown, and in our experience is common at the an- 
terolateral aspect of the prostate, abutting the levator. 
In fact, such a feature seems almost inevitable after 
a good treatment. In some patients, there is intense 
enhancement of the periosteum of the pubic bone, 
together with increased enhancement in the bone 
marrow, which usually resolves spontaneously. Pos- 
teriorly, the nonenhancing zone may extend outside 
the prostate and involve a segment of the rectum, 
with either the muscularis or, much less commonly, 
the whole width of the wall involved, although a re- 
active increase in rectal wall enhancement is much 
more common. The contrast between treated tis- 
sue and its surroundings on MRI (Figure 10.6) is 
much higher than with necrosis seen on CT (Figure 
10.7). Figure 10.8 shows microbubble-enhanced im- 
ages of the treated prostate and a postcontrast MRI 
for comparison: note the excellent contrast between 
apparently avascular and perfused tissue with ultra- 
sound, but the inferior spatial resolution compared 
to MR. 

After hemiablation or focal ablation the enhanc- 
ing rim extends across the prostate and there is of- 
ten residual, low-level enhancement in the untreated 
part of the gland, likely indicating inflammation. Fig- 
ure 10.9 shows these changes, with a persisting fo- 
cus of enhancement early after treatment in the ab- 
lated half of the gland that predicted residual tumor at 
6 months. 

Cryotherapy: There is usually a confluent volume of 
nonenhancing tissue, with reactive hyperemia in the 
adjacent tissues, and a “halo” or “penumbra” around 
the nonenhancing zone, although the enhancing rim 
has not been formally characterized. Residual enhanc- 
ing prostatic tissue and extraprostatic necrosis are also 
common [23] (80) (Figure 10.10b). 

Photodynamic therapy: has been described in Chap- 
ter 6. There is only one report on post treatment ap- 
pearances on MRI [24]. As with HIFU, T2-weighted 
sequences cannot be used to define necrosis. After con- 
trast most of the prostate tissue fell into two cate- 
gories: either nonenhancing or enhancing similarly to 
pretreatment scans. Nonenhancing islands were of- 
ten surrounded by relatively normal, enhancing tis- 
sue. We have found in many cases that the nonen- 
hancing volume conforms remarkably to the outline 
of the prostate (Figure 10.10a). The enhancing rim 
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is still present, but the sloughing of necrotic material 
seen after HIFU (and reported by the patients as the 
passage of debris) does not generally occur. Extrapro- 
static necrosis is also seen, and occasionally there may 
be a “skip” lesion discrete from the main body of ab- 
lation. 

Bracytherapy: MRI is often performed soon after 
brachtherapy to assess seed placement, and some stud- 
ies have been done with dynamic contrast enhance- 
ment, although they have not described the acute ef- 
fect on the tumor [25]. 


Histological correlates of early appearances 


The key question to be answered in MRI of necro- 
sis is related to whether lack of enhancement implies 
nonviable, necrotic tissue. In addition, the significance 
of the hyperenhancing rim and how much viable tis- 
sue it is likely to contain requires evaluation. This 
rim is a constant finding in several tissues, including 
liver, kidney, and brain. In the liver it becomes gradu- 
ally less conspicuous over six months, and is seen on 
both CT and MRI. Within the prostate it has been 
shown to occur after laser ablation of benign pro- 
static hyperplastic tissue as well as HIFU for malignant 
tumors [26]. 

Histological evidence in animal models - including 
rabbit and porcine liver — suggests that the enhanc- 
ing rim corresponds to an area of inflammation and 
then fibrosis, with a variable amount of residual, vi- 
able tissue. How much of the rim will be viable after 
ablation of the prostate in humans remains uncertain. 
On the one hand, after HIFU biopsy shows “partial 
or complete necrosis” in the rim. On the other hand, 
after laser ablation of benign prostatic hyperplasia 
the volume of coagulative necrosis at histology cor- 
relates very well with the central nonenhancing region 
at MRI, not including the rim. 

There is one study of a prototype rotating 
transurethral ultrasound ablative device in dog 
prostates, which has interesting and relevant results. 
In this study the necrosis at histology is complete cen- 
trally around the device in the urethra. A line drawn 
around the nonenhancing area at contrast-enhanced 
MRI lies within a line drawn at the junction of com- 
plete and incomplete necrosis on histology. In other 
words, the nonenhancing tissue always indicated com- 
plete necrosis [27]. The implication from this and 
other studies is likely to be that a variable amount of 


Fig 10.6 A 59-year-old man treated with whole-gland HIFU 
(Sonablate 500). (a) is a T2-weighted image showing the 
low-signal tumor in the left peripheral zone (arrow), (b) and 
(c) are T2 weighted and T1 postcontrast images taken one 
month after treatment. The T2 weighted shows heteroge- 
neous signal and does not accurately delineate the necrosis; 
the postcontrast image shows good contrast between the 


treated (and presumed necrotic) tissue and its surroundings, 
with a little anterolateral extraprostatic necrosis (arrows), 
(d) is a T2 image showing a small, fibrotic rim at 6 months 
(arrow). No foci of intense enhancement are seen on the 
gradient echo image after contrast (e)—there is no evidence 
of residual disease. 
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Fig 10.7 Contrast-enhanced CT of the prostate in a 79- 
year-old man with bilateral transition zone necrosis (ar- 
rows). Although the lack of enhancement shows the 
necrotic are well, and a hyperenhancing rim, the contrast 
and spatial resolution is low. 


the rim contains viable tissue depending on the organ 
being scanned, the nature of the treatment and the in- 
terval before the scan. The only area that can reliably 
be called necrotic area at MRI is that which does not 
enhance. Even this assumption seems questionable as 
small islands of enhancement that are beyond the res- 
olution of MRI may exist. Studies correlating imaging 
findings with intermediate- and long- term outcomes 
are needed to see how reliably nonenhancement indi- 
cates true coagulative necrosis. 


Prognostic value of early MRI 


There is a small amount of work correlating early MRI 
appearances with intermediate measures of outcome 
after cryotherapy and HIFU. Donnelly et al examined 
the appearance of the prostate at contrast-enhanced 
MRI three weeks after cryotherapy, and correlated it 
with PSA levels and the result of a transrectal biopsy 
at six months [28]. To their surprise, they found no 
significant correlation of imaging scores (related to 
persisting enhancing tissue) with the presence of vi- 
able prostate or tumor at future biopsy, although they 
did note a correlation between PSA level and the like- 
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lihood of residual disease, which is far from surpris- 
ing. In contrast, we have found different results in a 
small group of 13 patients who underwent contrast- 
enhanced MRI less than 1 month after whole-gland 
HIFU. Those with the most enhancing prostatic tissue 
on the early scan were most likely to have residual 
tumor at 6-month biopsy. 

The significance of rectal wall necrosis depends crit- 
ically on whether there has been previous radiother- 
apy. Rectal fistula is rare in primary treatment, and in 
our experience a segment of nonenhancing rectal wall, 
even if apparently complete, usually does not lead to 
fistula. However, in patients who have undergone ex- 
ternal beam radiotherapy, the finding is more omi- 
nous. If there has been a combination of brachyther- 
apy with external radiation, fistulation is likely, but 
often takes several months to occur [29]. 


MRI after therapy: early changes (2 and 5 months) 


The most consistent finding is a gradual reduction in 
the volume of nonenhancing tissue, although some 
usually persists. In patients having salvage treatment 
after radiotherapy, resorption of nonenhancing tissue 
is strikingly slower, and considerable necrotic tissue 
may still be seen at 1 year. The enhancing rim is still 
seen, and in many patients has a double configuration. 
The histological correlates of the inner- and outer- 
rings have yet to be determined. 

At this stage several potential complications may be 
assessed on MRI. The earliest sign of rectal fistulation 
may be edema or fluid in the periprostatic fat, but 
in some cases a direct communication is seen, usually 
several months after the treatment (Figure 10.11) and 
usually seen best on a urethrogram (Figure 10.12). Al- 
though catheterization is the first step in dealing with 
this serious problem, it is rarely sufficient in previ- 
ously irradiated pelvises, and reconstructive surgery is 
likely to be needed. Fistulation can also occur ante- 
riorly, and track to the skin or involve the symphisis 
pubis (osteitis pubis). The more extensive the leak, the 
greater the danger of an accompanying oeteomyelitis. 

At this stage recurrent disease is likely to be masked 
by the enhancing rim, but as on the immediate scan 
can be suspected if there is enhancing material at the 
location of the disease on pretreatment scan. This 
might prompt early reintervention, especially if the 
PSA is not falling as expected. Note, however, that it 


Fig 10.8 Images from a 71-year-old man; one day after 
treatment of the whole prostate by HIFU (Ablatherm). (a) 
is a standard transrectal ultrasound image of the prostate, 
(b) an image after intravenous microbubble contrast (4.8 
cc of Sonovue (Bracco, Italy)). Note the central shadow- 


ing from the catheter in the urethra. (c) is a postcontrast 
T1-weighted MRI image. Both (b) and (c) show the area of 
necrosis (arrows), with anterior sparing.(Images courtesy of 
Dr O Rouviere.) 


Fig 10.9 Hemiablation of the prostate in a 68-year-old 
man. (a) and (b) are T2 and early dynamic contrast- 
enhanced image showing the tumor (arrows), (c) and (d) 
are T2 weighted and contrast-enhanced images one week 
after treatment. Note the small focus of persisting enhance- 
ment in the position of the tumor (arrow). (e) and (f) are 6 
months after treatment; the left hemi-prostate has become 


predominantly atrophic and fibrotic on the T2-weighted 
image (e)(arrow), but a brightly enhancing focus (arrow) 
remains on the early postcontrast image (f), and was con- 
firmed as tumor at biopsy. The patient was retreated, and 
(g) shows a rim of hyperenhancement around the treated 
volume, indicated by an arrow. A subsequent 6 month 
follow-up scan showed no residual tumor. 
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(a) 


Fig 10.10 Early (less than 1 week) postcontrast images of 
the prostate after treatment with (a) photodynamic therapy 
(the arrow shows the persisting urethral enhancement—this 
area received a low-light dose) and (b) cryotherapy. Note 
that in each case the urethra remains predominantly en- 
hancing and the hyperenhancing rim is a little less con- 


may take 6 to 12 months after HIFU for the PSA nadir 
to be achieved. 


MRI after therapy: late changes (>6 months) 


At six months we are in a position to detect resid- 
ual tumor, which may be visible on T2-weighted se- 
quences. However, because of the healing response 
this is often only revealed by contrast enhancement, 
although others have used diffusion-weighted imaging 
and spectroscopy [30]. 

In general PSA is a good test for recurrent disease 
after HIFU, but there are good reasons for also per- 
forming an MRI. First, if retreatment is considered, it 
may be more difficult to avoid damage to the external 
sphincter or rectum, so that accurate targeting of the 
recurrent disease is important. Second, in focal abla- 
tion, small rises in PSA are likely to be obscured by 
the persisting PSA from untreated prostate, and MRI 
becomes the primary modality for detecting small vol- 
umes of residual disease. Last, just as MRI can be 


(b) 


spicuous than after HIFU (compare with Figures 10.6 and 
10.8). The resorption and fibrosis that is the end result of 
treatment has a similar appearance to that after HIFU at 
6 months. (Images courtesy of Dr Clare Allen and Dr 
Olivier Rouviere.) 


used to target cancer at biopsy in a screening popula- 
tion [31]; it can also be used to target the biopsy to 
possible areas of recurrence after ablation. 

At this stage, in both partial and complete abla- 
tions without previous radiotherapy, most or all of 
the necrosis has been resorbed. A variable amount of 
residual prostate remains. Some patients have virtually 
none, and the fibrosis that has replaced the prostate is 
of very low T2 signal, with faint, and often delayed, 
enhancement after intravenous contrast. At the other 
end of the spectrum, patients with very incomplete 
treatments may have persisting high-signal peripheral 
zone and preserved zonal anatomy (Figure 10.13). The 
same is true of hemi- or focal ablations: after a good 
treatment the targeted area should be of low volume 
and uniformly low in T2 signal. 

Residual cancer has a similar appearance to pre- 
treatment scans, but is more difficult to identify on all 
modalities because of the heterogeneous, distorted ap- 
pearance of the surrounding prostate. The T2 signal 
of tumor is usually a little higher than surrounding 
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(c) 


Fig 10.11 Salvage treatment in a patient who has under- 
gone brachytherapy and external-beam radiotherapy. (a) is 
a T2-weighted image showing the prostate, but not clearly 
outlining the tumor, (b) is a postcontrast gradient echo 
image showing early enhancement suggesting tumor (con- 
firmed at biopsy)(arrow). (c) is a contrast-enhanced im- 


age 1 week after HIFU showing necrosis around the seeds 
and some extraprostatic necrosis on the left (arrow). At 6 
months after contrast (d), this extraprostatic necrosis has 
become a cavity (arrows) communicating with the urethra 
(a urethral catheter is marked by arrowheads). A fistula 
between this cavity and the rectum developed later. 
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Fig 10.12 Urethrogram outlining a capacious prostatic 
cavity (C) and leaking along a narrow track (arrow) to the 
rectum (r). 


fibrosis, but lower than intact peripheral zone. It en- 
hances early and intensely compared to fibrosis [30], 
and shows high signal on diffusion-weighted images 
with a b value of 1000 s/mm? and restriction on an 
apparent diffusion coefficient map. 


In cryotherapy, MRI shows loss of zonal anatomy 
after a good treatment, with the formation of a “thick, 
fibrous capsule” around the prostate [23]. As with 
HIFU, recurrent cancer after cryotherapy is difficult 
to detect on T2 sequences alone, but has an elevated 
choline+creatanine/citrate ratio (similar to pretreat- 
ment scans) and that can be used to detect recurrent 
disease [23]. Postcryotherapy appearances with intra- 
venous enhancement and diffusion-weighted imaging 
have not yet been described. 

Little has been published on gland appearance and 
volume after RFA and photodynamic therapy, but we 
would expect a similar sequence of changes. There 
is one description of the T2 changes in the prostate 
after brachytherapy at 12 months, showing a diffuse 
loss of signal [32]— similar to after external-beam 
radiotherapy, where there is a reduction in gland size, 
reduced T2 signal throughout, and a variable loss of 
zonal anatomy (Figure 10.11). 


Prognostic value of late MRI 


There are several published series examining the abil- 
ity of MRI to detect residual disease after HIFU. The 


Fig 10.13 Considerable undertreatment in a 50-year-old man. The gradient echo postcontrast (a) soon after HIFU shows 
considerable enhancement within the gland (arrows). At 6 months, the T2-weighted scan (b) shows persisting high-signal 


peripheral zone (arrows) and some zonal antomy. 
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largest is a series of 27 patients who had an MRI per- 
formed because of a PSA >1 ng/mL between 3 and 26 
months after HIFU Therapy. Analyzed by sextant, the 
results of dynamic contrast-enhanced scans were com- 
pared with T2 and diffusion-weighted images. The 
dynamic contrast sequences showed better sensitivity 
(mean sensitivity 83%, specificity 66%) than the T2 
and diffusion-weighted images, but the latter had bet- 
ter specificity (mean sensitivity 66%, specificity 76%) 
[30]. 

Our group has found that inexperienced observers 
can achieve a sensitivity of 75% and specificity of 76% 
for the detection of disease recurrence in the whole 
gland after HIFU [33], with an area under the receiver 
operating characteristic curve very similar to that for 
PSA. Consistent with the finding that MRI and PSA 
are of similar sensitivity, recent figures from an online 
registry of HIFU patients are comparable, showing 
sensitivity of 78% and specificity of 79% for detecting 
recurrent disease when using a cut-off of PSA nadir + 
1.2 ng/mL [34]. Finally, recent evidence from Rouviere 
et al shows that biopsies targeted to areas of suspicion 
for recurrence on MRI are much more likely to be 
positive than standard cores [35]. 

The combination of T2-weighted sequences and 
spectroscopy has been examined in a group of 13 pa- 
tients. Although the number is too small for mean- 
ingful estimates of sensitivity and specificity, an 
important finding was that magnetic resonance spec- 
troscopy (MR spectroscopy) was suitable for analysis 
in only 3 of 10 patients who had partial necrosis [36]. 

Cryotherapy: Parivar et al have assessed the perfor- 
mance of MR spectroscopy for the detection of resid- 
ual disease after cryothedrapy ina series of 25 patients, 
5 of whom had an undetectable PSA several months 
after treatment [23]. MR spectroscopy correctly iden- 
tified 8 patients with residual disease, but there were 
false positives (if biopsy was defined as the gold stan- 
dard) in 5 out of 17 patients. There are currently no 
published data assessing the use of gadolinium-based 
contrast agents after cryotherapy. 

Imaging after brachytherapy: No studies have as- 
sessed the ability to detect residual disease after 
brachytherapy, but recurrent tumor after external- 
beam radiotherapy can be detected with a sensitivity 
of 68% and specificity over 90% using T2 sequences 
alone, while the addition of spectroscopy improved 
sensitivity a little but at the cost of a marked increase 
in false positives [37]. Recent data have demonstrated 
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a marked improvement in detection with contrast- 
enhanced MRI compared to T2 sequences (sensitivity 
and specificity 72% and 85% for contrast-enhanced 
MR compared to 38% and 80% for T2 sequences) 
[38]. 

Ultimately, there is no work directly comparing the 
performance of spectroscopy and contrast-enhanced 
scans after any ablative technique, and it is not clear 
whether the impressive results with spectroscopy in a 
small number of patients after cryotherapy [23] were 
in the context of a truly blinded study, and whether 
they will be reproduced in different groups. In all stud- 
ies involving spectroscopy, there is a high proportion 
of voxels in which the signal to noise ratio is poor 
and accurate analysis is difficult [39], a problem that 
is likely to be worse after ablation, so that in our prac- 
tice we rely on contrast enhancement to detect disease 
and target the post-treatment biopsy. 


Future directions 


The routine role of imaging following ablation of re- 
nal and prostate cancer for image verification of treat- 
ment effect as well as surveillance after ablation is 
increasing. In the kidney, the principle is established 
and the practice widespread, but in the prostate it is 
not. This is likely due to the combination of skepticism 
about the value of MRI in the prostate in general, and 
the ability to assess and monitor treatment with PSA. 
However, the clear advantages of MRI—in particular 
anatomical feedback about treatment and the ability 
to localize recurrent disease—become even more im- 
portant in the era of focal therapy. 

Conventional positron emission scanning with 
(18)F-2-fluoro-D-deoxyglucose is of limited sensitiv- 
ity and resolution for the detection of small vol- 
umes of residual or recurrent disease, and is currently 
clearly inferior to the MRI techniques that we have 
described [40]. The same is true of current mono- 
clonal antibody imaging with the prostate specific 
membrane antigen antibody (111)In-capromab pen- 
detide (ProstaScint~ ), although both may potentially 
have a role in the detection of lymph node metastases. 
However, new agents such as including (11)C and 
(18)F-choline and acetate have a potentially higher 
signal to noise ratio and have shown promise in the 
detection of cancer within the prostate, though they 
are still far from the performance of multiparametric 
MRI [41]. 


IMAGING AFTER MINIMALLY-INVASIVE INTERVENTIONS IN UROLOGICAL CANCERS 


Much current research involves techniques for real- 
time feedback during ablation. Tissue elastography 
[42] and ultrasound thermometry [43] are in develop- 
ment but remain experimental. Magnetic resonance 
thermometry [44] is in clinical use, but MR scan time 
is expensive and the number of interventional scanners 
limited. Whether data obtained from real-time feed- 
back will reduce the necessity for near-time feedback 
with contrast-enhanced imaging remains uncertain. 

The link between verification scans soon after treat- 
ment and outcome will be a fertile area for clinical 
research over the next few years. It seems likely that 
techniques assessing completeness of necrosis will pre- 
dict outcome, but it has so far been surprisingly diffi- 
cult to show a good correlation in a large number of 
patients. 

Finally, the advent of molecular imaging heralds a 
new era of functional as well as structural imaging [40, 
45], and many of the new methods for the detection of 
renal, prostate, and bladder cancers will also be useful 
for the detection of recurrent disease after ablation. 


Conclusions 


In the absence of techniques for accurately delineating 
necrosis in real time, we propose that limited contrast- 
enhanced MR should be performed soon after all ab- 
lative treatments in the prostate. It will enable the 
operator to optimize their technique, provide an early 
indication of the need for retreatment, give prognostic 
information to the patient and allow rapid optimiza- 
tion of new treatment parameters for any device. 

In the longer term, complete ablation of the prostate 
can adequately be followed up by serial PSA measure- 
ments. MRI can be reserved for confirming and lo- 
calizing suspected recurrent disease. However, in the 
era of focal therapy, PSA is likely to become a much 
less reliable tool, and contrast-enhanced MRI becomes 
an attractive, noninvasive method for monitoring for 
residual disease, targeting biopsy and planning retreat- 
ment. Whether spectroscopy and diffusion will add 
significant information in this context is uncertain. 


References 


1. Goldberg SN et al (2005) Image-guided tumor ablation: 
standardization of terminology and reporting criteria. J 
Vasc Interv Radiol 16: 765-778. 


2. Rendon RA et al (2002) The uncertainty of radio 
frequency treatment of renal cell carcinoma: findings 
at immediate and delayed nephrectomy. J Urol 167: 
1587-1592. 

3. Arzola J et al (2006) Computed tomography-guided, 
resistance-based, percutaneous radiofrequency ablation 
of renal malignancies under conscious sedation at two 
years of follow-up. Urology 68: 983-987. 

4. Walther MC et al (2000) A phase 2 study of radio fre- 
quency interstitial tissue ablation of localized renal tu- 
mors. J Urol 163: 1424-1427. 

5. Boss A et al (2006) Morphological, contrast-enhanced 
and spin labeling perfusion imaging for monitoring of 
relapse after RF ablation of renal cell carcinomas. Eur 
Radiol 16: 1226-1236. 

6. Gill IS et al (2000) Laparoscopic renal cryoablation in 
32 patients. Urology 56: 748-753. 

7. Remer EM et al (2000) MR Imaging of the kidneys after 
laparoscopic cryoablation. AJR Am J Roentgenol 174: 
635-640. 

8. Beemster P et al (2008) Follow-up of renal masses after 
cryosurgery using computed tomography; enhancement 
patterns and cryolesion size. BJU Int 101: 1237-1242. 

9. Gill IS et al (2005) Renal cryoablation: outcome at 3 
years. J Urol 173: 1903-1907. 

10. Wu T et al (2000) MR imaging of shear waves generated 
by focused ultrasound. Magn Reson Med 43: 111-115. 

11. Illing RO et al (2005) The safety and feasibility of extra- 
corporeal high-intensity focused ultrasound (HIFU) for 
the treatment of liver and kidney tumours in a Western 
population. Br J Cancer 93: 890-895. 

12. Kirkham AP et al (2008) MR imaging of prostate after 
treatment with high-intensity focused ultrasound. Radi- 
ology 246: 833-844. 

13. Polascik T, Mouraviev V (2008) Focal therapy for 
prostate cancer. Curr Opin Urol 18: 269-274. 

14. Onik G (2004) The male lumpectomy: rationale for a 
cancer targeted approach for prostate cryoablation. A 
review. Technol Cancer Res Treat 3: 365-370. 

15. Ahmed HU et al (2007) Will focal therapy become a 
standard of care for men with localized prostate cancer? 
Nat Clin Pract Oncol 4(11): 632-642. 

16. Pauly KB et al (2006) Magnetic resonance-guided high- 
intensity ultrasound ablation of the prostate. Top Magn 
Reson Imaging 17: 195-207. 

17. Chen JC et al (2000) Prostate cancer: MR imaging and 
thermometry during microwave thermal ablation-initial 
experience. Radiology 214: 290-297. 

18. Wansapura J et al (2005) In vivo MR thermometry of 
frozen tissue using R2* and signal intensity1. Acad Ra- 
diol 12: 1080-1084. 

19. Illing RO et al (2006) Visually directed high-intensity 
focused ultrasound for organ-confined prostate cancer: 


195 


CHAPTER 10 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


a proposed standard for the conduct of therapy. BJU Int 
98: 1187-1192. 

Rouviere O et al (2009) Transrectal HIFU ablation 
of prostate cancer: assessment of tissue destruction 
with contrast-enhanced ultrasound. Eur Urol (suppl. 8): 
356. 

Vogt FM et al (2007) Morphologic and functional 
changes in nontumorous liver tissue after radiofrequency 
ablation in an in vivo model: comparison of 18 F-FDG 
PET/CT, MRI, ultrasound, and CT. J Nucl Med 48: 
1836-1844. 

Cheng HL et al (2003) Prediction of subtle thermal 
histopathological change using a novel analysis of Gd- 
DTPA kinetics. J Magn Reson Imaging 18: 585-598. 
Parivar F et al (1996) Detection of locally recurrent 
prostate cancer after cryosurgery: evaluation by transrec- 
tal ultrasound, magnetic resonance imaging, and three- 
dimensional proton magnetic resonance spectroscopy. 
Urology 48: 594-599. 

Haider MA et al (2007) Prostate gland: MR imaging ap- 
pearance after vascular targeted photodynamic therapy 
with palladium-bacteriopheophorbide. Radiology 244: 
196-204. 

Bloch BN et al (2007) Prostate postbrachytherapy seed 
distribution: comparison of high-resolution, contrast- 
enhanced, T1- and T2-weighted endorectal magnetic res- 
onance imaging versus computed tomography: initial ex- 
perience. Int J Radiat Oncol Biol Phys 69: 70-78. 
Rouviere O et al (2001) MRI appearance of prostate 
following transrectal HIFU ablation of localized cancer. 
Eur Urol 40: 265-274. 

Boyes A et al (2007) Prostate tissue analysis imme- 
diately following magnetic resonance imaging guided 
transurethral ultrasound thermal therapy. J Urol 178: 
1080-1085. 

Donnelly SE et al (2004) Prostate cancer: gadolinium- 
enhanced MR imaging at 3 weeks compared with needle 
biopsy at 6 months after cryoablation. Radiology 232: 
830-833. 

Ahmed HU et al (2009) Rectal fistulae after salvage high- 
intensity focused ultrasound for recurrent prostate can- 
cer after combined brachytherapy and external beam ra- 
diotherapy. BJU Int 103: 321-323. 

Kim C et al (2008) MRI Techniques for prediction of 
local tumor progression after high-intensity focused ul- 
trasonic ablation of prostate cancer. Am J Roentgenol 
190: 1180-1186. 

Kirkham A, Emberton M, Allen C (2006) How good is 
MRI at detecting and characterising cancer within the 
prostate? Eur Urol 50: 1163-1175. 


196 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


4S. 


Coakley FV et al (2001) Brachytherapy for prostate can- 
cer: endorectal MR imaging of local treatment-related 
changes. Radiology 219: 817-821. 

Kirkham A et al (2009) The value of magnetic resonance 
imaging and PSA in detecting recurrence after high in- 
tensity focused ultrasound. Eur Urol (suppl. 8): 322. 
Blana A et al (2009) Defining biochemical failure follow- 
ing high intensity focused ultrasound of the prostate: The 
Stuttgart definition. Eur Urol (suppl. 8): 333. 

Rouviere O et al (2009) Prostate cancer transrectal HIFU 
ablation: detection of local recurrences with MRI. Eur 
Urol (suppl. 8): 322. 

Cirillo S et al (2008) Endorectal magnetic resonance 
imaging and magnetic resonance spectroscopy to moni- 
tor the prostate for residual disease or local cancer recur- 
rence after transrectal high-intensity focused ultrasound. 
BJU Int 102: 452-458. 

Pucar D et al (2005) Prostate cancer: correlation of 
MR imaging and MR spectroscopy with pathologic find- 
ings after radiation therapy-initial experience. Radiology 
236: 545-553. 

Haider MA et al (2008) Dynamic contrast-enhanced 
magnetic resonance imaging for localization of recur- 
rent prostate cancer after external beam radiotherapy. 
Int J Radiat Oncol Biol Phys 70: 425-430. 

Fiitterer JJ et al (2006) Prostate cancer localization with 
dynamic contrast-enhanced MR imaging and proton 
MR spectroscopic imaging. Radiology 241: 449-458. 
Pucar D, Sella T, Schoder H (2008) The role of imag- 
ing in the detection of prostate cancer local recurrence 
after radiation therapy and surgery. Curr Opin Urol 18: 
87-97. 

Giovacchini G et al (2008) [(11)C]choline uptake with 
PET/CT for the initial diagnosis of prostate cancer: re- 
lation to PSA levels, tumour stage and anti-androgenic 
therapy. Eur J Nucl Med Mol Imaging 35: 1065-1073. 
Curiel L et al (2005) Elastography for the follow-up of 
high-intensity focused ultrasound prostate cancer treat- 
ment: initial comparison with MRI. Ultrasound Med 
Biol 31: 1461-1468. 

Miller NR, Bograchev KM, Bamber JC (2005) Ultra- 
sonic temperature imaging for guiding focused ultra- 
sound surgery: effect of angle between imaging beam 
and therapy beam. Ultrasound Med Biol 31: 401-413. 
Quesson B, de Zwart JA, Moonen CT (2000) Magnetic 
resonance temperature imaging for guidance of ther- 
motherapy. J Magn Reson Imaging 12: 525-533. 
Larson SM, Schoder H (2008) Advances in positron 
emission tomography applications for urologic cancers. 
Curr Opin Urol 18: 65-70. 


Index 


Ablatherm system, 38 
Ablation 
Hemiablation/focal, 167 
radiofrequency, 68-69 
in renal cell carcinoma 
complications, 78-79 
management of residual or recurrent 
disease, 77-78 
oncologic efficacy, 74-75 
rationale, 70-81 
scientific basis, 68-70 
short-term, outcomes, 70-74 
technical considerations, 75-77 
zones of, 181 
Acquired rectourethral fistula (RUF), risk of, 
26 
5-alpha reductase inhibitors, 14 
American Brachytherapy Society prostate 
low-dose rate task force, 15 
American Joint Committee on Cancer, 118 
American Society of Therapeutic Radiology 
and Oncology (ASTRO), 26, 58 
American Urology Association, 50 
Androgen Deprivation Therapy (ADT), 60 
Anesthesia, 4, 19, 23, 38, 44 
spinal, 53 
Axial images, 131-132, 168, 203-204 


Bacteriochlorophyll, 90 
Benign periablation enhancement, 177-179, 
181 
Biochemical disease free survival (bDFS) 
data, 59 
rates, 60 
Biochemical relapse free survival (BRFS), 
12-13, 23-24, 26-29 
Biopsies, 5, 130-131 
rates, 60, 63 
Bladder 
clinical staging, 124-125 
local stages, 125-126 
MR technique, 125 
Bladder cancer, 170 
photodynamic diagnosis, 91 
photodynamic therapy, 91-92 
Brachytherapy 
grid, 53, 54 
series, 29 
Brachytherapist, 16, 24 


Cancer 
costs, 3 
morbidity, 3 
prostate, 3-7 


Interventional Techniques in Uro-Oncology, 


disease control, 3-5 
morbidity, 5 
renal, 2-3, 178-180 
disease control, 2 
CMC, See Critical micelle concentration 
COLD registry, 60 
Contemporary salvage, cryotherapy series 
biochemical disease free survival (bDFS) 
rates, 60 
Critical micelle concentration (CMC), 
111 
Cryoablation needles, 55 
Cryoablation systems, 55-56 
for operative planning and real-time 
monitoring, 55 
Cryoneedles, 54-55, 57 
Cryosystems 
second-generation, 50 
Cryosurgery, 51 
Cryotherapy, 61 
complications rates, 61 
incontinence rates, 61 
primary, 58, 61-62 
prostate, 63 
histopathological changes, 52 
pathophysiology, 51-52 
recurrence, 63 
renal, 64 
salvage, 62-63 
Cryotherapy series 
biochemical disease free survival (bDFS) 
rates, 59 
cryotherapy, renal, 64 
CT scans, 141 


Dendrimers, 112 
Disease 
complications, 78-79 
recurrent, 77-78 
Doppler ultrasound, 181 
Dose volume histograms (DVH), 23 
Dosimetry 
ablative, 184 
post-implant on patient, 25 
postoperative evaluation, 23-24 
postoperative results, 17, 20 


EBRT, See External beam radiotherapy 
Elastography, 141-145 
Electrode, 71 

applicator, 69-70 


European Association of Urology (EAU), 91, 
155 

European Germ Cell Cancer Consensus 
Group (EGCCCG), 133 

External beam radiotherapy (EBRT), 4, 10, 
27, 40, 43, 59, 165, 188, 192 


FDG, 161-162, 164 

Fibrosis, 91, 157, 186, 191-192 
Focal cryotherapy, 61 

Focal therapy, 43 

Freeze-thaw cycles, 57 


Germ cell tumors, 131-134, 158 
nonseminomatous, 168-169 
seminomatous germ cell tumors, 169-170 

GCT, See Germ cell tumors 

Gland, 1, 4, 13, 15, 18, 23 
prostate, 28, 38, 52, 55 

Gleason score, 12, 27-28, 96, 126-127, 132, 

144, 145-147, 158, 204 

Gold nanoparticles, 108-109 


Harmonic imaging, 142, 145-146 
Hematoporphyrin, 88-89, 91, 92, 96 
Hemorrhage, 44, 78, 79, 98, 119-121 
High-intensity focused ultrasound (HIFU), 
34-35 

ablation, 46 

devices, 35-37 

lesion, 44 

morbidity of, 39 

probe, 38 

system, 37 

therapy, 45 
HIFU devices 

transrectal, 37-38 
HIFU treatment, 34, 38, 40, 45-46 
Hounsfield units, 71, 177 
Hydrodissection technique 

CT images of, 76 

method, 75-76 
Hydrophobic drugs, 110-111 
Hypericin, 90 


IDPG, 104 

IMRT (intensity-modulated radiation 
therapy), 1, 14, 17, 26 

International prostate symptom score (IPSS), 
14 

Injury 


RFA, 69 collateral, 75 
Erectile dysfunction (ED), 5, 26, 39, 43, mucosa, 29 
61-62 rectal, 37, 60 
Edited by Hashim Uddin Ahmed, Manit Arya, Peter T. Scardino & Mark Emberton. 197 


© 2011 Blackwell Publishing Ltd. Published 2011 by Blackwell Publishing Ltd. ISBN: 978-1-405-19272-9 


INDEX 


Injury (Cont.) 
vascular, 51 
ureteral, 77 
Insonication, 34-37, 45 
Intensity-modulated radiation therapy, See 
IMRT 
Invasive interventional techniques, 1-3, 5, 
7-8 
Irreversible coagulation tissue necrosis, 69 


Joules, 90-91 


Kidney, 118 
clinical staging, 118-119 
diffusion-weighted imaging, 123 
dynamic-contrast imaging, 123-124 
MR technique, 119-120 
recurrence, 123 
stage, 122-123 
tumor localization, 120-122 
Kidney cancer, 70, 146-149, 167 
initial diagnosis and staging, 167 
Kupffer cells, 103, 105 


Laparoscopic, 1, 3, 5, 45, 64, 70, 74, 79, 80, 


95, 98 

Light delivery systems, 98 

Liposomes, 106, 110-111 

Lower urinary tract symptoms (LUTS), 
82 

Lesions, 91 

homogenous, 98 

Lymph node metastases, 119, 123, 133, 

155-156, 158, 160 


Lymph nodes, 109, 123, 126, 133, 158, 160, 


165 


Magnetic resonance imaging (MRI), 6, 17, 
23, 36, 37, 44, 47, 64, 71 
multiparametric, 6, 128-129, 194, 196, 
202 
scans, 3—4 
schematic representation of, 171 
thermometry, 36 
Memorial Sloan-Kettering Cancer Center, 
10 
Mobile organs, 36 


Nanomaterials 
enhanced permeability and retention 
effect, 103-104 
for cancer therapy, 109-113 
immune system, 107-108 
nanoparticle-based vaccines 
liposomes, 109 
nondegradable nanoparticles, 
108-109 
size and interactions with organs, 
103-104 
surface physicochemical characteristics, 
105-107 
Nanomedicine, 102 


198 


Nanoparticle vaccines, 108-109 
Nanotechnology 
perspectives on, 102-113 
biodistribution of nanomaterials, 
102-103 

Necrosis: imaging protocol, 184-185 

Needle, periurethral, 21 

Nephrogenic systemic fibrosis (NSF), 
123 

Nephron-sparing techniques, 79-81 

Nonseminomatous germ cell tumors, 
168-169 

NSF, See Nephrogenic systemic fibrosis 

Nucleic acid delivery, 112-113 


Palladium bacteriopheophorbides 
WST-09, 90 
WST-11, 90 
PEGylation, 106-107 
Penile cancer, 160-162 
Phenanthroperylenquinone derivative, 
Hypericin, 90 
Photodynamic therapy 
comparison of clinical studies, 96-97 
light sources, 90-91 
definition, 87 
diagnosis, 86 
history, 87 
Photosensitizer, 87 
Photosensitizing drugs 
5-amino levulinic acid, 89 
chlorins, 88-89 
phthalocyanines, 89 
Phototoxicity, 87 
poly(lactic-coglycolic acid) (PLGA), 
108 
Polymers, 111-112 
Positron emission tomography, 160-161 
Proctitis, 26 
Prostate 
adenocarcinoma, 82 
contrast-enhanced MR imaging, 130 
conventional TRUS of, 143 
diffusion-weighted imaging, 127 
MR-guided biopsy, 130-131 
proton MR spectroscopic imaging, 
127-129 
T2-weighted imaging, 126-127 
TRUS biopsy of, 52 
Prostate cancer, 157-158, 183-194 
control, 26-28 
treatment of, 38 
elasticity imaging, 144 
PET studies, 164 
photodynamic therapy, 92-95 
primary, 38-40 
recurrent, 43-44 
monitoring cold on MRI, 183-184 
near-time monitoring assessment, 
184 


techniques for real/near-time feedback, 


183 


Prostate cryosurgery, 51 

Prostate imaging, MRI sequences, 185 

Prostate-specific antigen (PSA), 11 
screening, 65 

PSA, See Prostate-specific antigen 


Radiation therapy, 44 
Radiation Therapy Oncology Group 
(RTOG), 25 
Radiofrequency ablation, 2, 64 
classification of, 78 
comparisons with nephron-sparing 
techniques, 79-81 
electrode, 69, 76-77 
lesions, 81 
Radiotracers, 161-162 
Radionuclides, 161 
RCC, See Renal cell carcinoma 
Renal cancer, 95-98 
photodynamic diagnosis, 95 
Renal cell carcinoma (RCC), 68, 70, 72, 77, 
78, 81-82 
tumors, 75, 81 
Renal lesions, 181 
Renal tumor, axial T1 postcontrast 
subtraction images of, 182 
RFA electrodes, 69 
RNA interference (RNAi) pathway, 113 
Robinson catheter, 20 


Scrotum and testes, 131-133 

clinical staging, 33 

MR imaging, 133-134 

MR technique, 133 
Seminomatous germ cell tumors, 169-170 
Spectroscopy, 126, 183, 185, 192, 194 
Society of Interventional Radiology, 

78-79 

Superoxide radicals, 88-89 


Technique 
operative 
patient Selection, 52-53 
Testicular cancer, 158-159 
Tin ethyl etiopurpurin (SnET2), 90 
Toxicity, 25-26 
Transitional cell cancer, 155-156 
Transrectal ultrasound (TRUS), 17-18, 
20 
guidance, 50 
images, 82 
monitoring, 50 
ultrasound, 16 
Transurethral urethrotomy, 25 
Tumors 
bladder, 45-46 
CT images of 
exophytic, 71 
mixed tumors, 71 
necrosis, 34, 65, 123, 134 
renal, 44-45 
testicular, 46-47, 159 


Ultrasonography, 34-38, 43, 46, 142 
technical advances in, 142 
Ultrasound, 141 
contrast-enhanced, 142-143, 145-146 
cryoneedle placement, 57 
demonstration for 
Doppler, 181 
image seed, 22 
monitoring, 53 
scrotal, 46 
waves, 21 
Urethral Foley catheter, 57 


Urethral warming catheter, 57 
Urologic cancers 

diagnosis and staging of 
Urethrotomy, 14, 25, 38 


Vaccines 
DNA, 113 
nondegradable nanoparticle, 
108-109 
Vascular endothelial growth factor (VEGF) 
receptor, 81-82 
Visualization, urethral, 22 


INDEX 


VEGF, See Vascular endothelial growth 
factor 


Wavelength, 86, 89, 90, 92, 96 

White light cystoscopy, 91 
Whole-gland radical treatments, 5 
Whole-gland ablation, 55, 61 
Whole-gland cryotherapy, 4, 57, 61-62 
WST-09, 90 

WST-11, 90 


Zeta, 105 


199 


